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The age of renewable energy has come and is steadily settling into the global 
consciousness. Debate on the future of renewable energy technologies is past 
discussing its merits, and is now onto asking about the next step. One of the biggest 
potential energy sources is waste heat, which represents close to 70 per cent of the 
total energy produced in heavily industrialized countries such as the USA. 
Thermoelectric devices directly convert heat into electricity, making 
thermoelectricity the leading candidate technology for waste heat recovery. 
Education, policy and regulation have steered many industries towards shifting their 
products and processes towards a more environmentally-friendly path, which 
includes an effort to use “green materials”. 
This doctoral work focuses on the study and development of magnesium-
based thermoelectric materials, known to be fabricated from more abundant and 
non-toxic materials. Furthermore, this class of thermoelectric compounds has 
shown high figures-of-merit (zT) at temperatures of great interest to industries that 
produce large quantities of waste heat. Research on Mg2X (X = Si, Ge, Sn) 
thermoelectric materials has been focused on the quest for the highest zT, leading to 
great advances in the development of complex compounds mainly consisting of 
supposedly solid solution alloys. In this thesis, an attempt is made to establish a 
reliable method for synthesizing these materials, by exploring various fabrication 
processes, with the goal of gaining new perspectives and deeper knowledge on the 




Magnesium germanide (Mg2Ge) is a constituent phase of these materials 
thought to have an important impact towards the suppression of the lattice thermal 
conductivity, although fundamental knowledge on its interaction with one of the 
most common n-type dopants – Bismuth – was poorly known. This work shows that 
the solubility of Bi in Mg2Ge is very limited, and additions above 0.17 at. % can result 
in the formation of Mg2Bi3 precipitates. This reaction has a significant impact on the 
thermoelectric properties in many ways. As Bi reacts with Mg, instead of substituting 
Ge in the Mg2Ge unit cell, its contribution to the electron concentration is drastically 
diminished. Moreover, it possibly accentuates the issues with of Mg stoichiometric 
deficiency. Loss of Mg through evaporation and oxidation is a well-known problem 
in the synthesis of these compounds, and it has a critical impact on the 
thermoelectric properties, particularly on the electron concentration by acting as a 
double hole donor. Nevertheless, the Mg2Bi3 precipitates act as phonon-scattering 
centres and are shown to lead to very low lattice thermal conductivities. 
Several reports in the literature highlight the importance of the material 
fabrication processes on the final thermoelectric properties of samples. In the 
current work, a promising one-step synthesis process involving the reaction and 
compaction of powders using a spark plasma sintering (SPS) method is explored. 
This process reduces the duration of high temperature fabrication and is conducted 
in vacuum, in an effort to diminish the loss of Mg through evaporation. In order to 
minimize the formation of unfavourable MgO, presumably formed by oxidation of 
pure Mg, magnesium hydride (MgH2) was used as the precursor for Mg. Magnesium 
is expected to rapidly react with Ge once H2 is liberated during heating, reducing the 




MgO content, although it raised concerns regarding the formation of the Mg2Bi3 
precipitates. The same fabrication procedure, materials and methods were used to 
produce Sb-doped Mg2Ge, which did not show any evidence for the formation of Sb-
rich precipitates. Further method was employed to fabricate Bi- and Sb-doped Mg2Ge 
by developing a method for the solid-state synthesis of these compounds. This 
synthesis method, in comparison to the one-step SPS synthesis, is more time 
consuming, as it consists of a long term heat treatment of materials at temperatures 
close to the melting point of the reactants, followed by a long annealing step at lower 
temperatures, and eventually a densification by using the SPS. Despite the 
substantial difference between these two synthesis processes, the formation of the 
Mg2Bi3 precipitates appears to occur independently of the fabrication method. These 
observations can potentially be used to better control the stoichiometry and charge 
carrier concentration of high zT magnesium-based thermoelectrics, while it also 
introduces potential avenues for improvement, such as modulation doping and in 
situ formation of phonon disrupting features such as precipitates. 
Thermoelectric and microstructural characterization of Bi-doped Mg2Ge 
revealed the formation of Bi-rich precipitates, which had a significant impact on the 
doping efficiency of Bi. This was corroborated through Hall effect characterization 
by analysing their impact on the electric transport properties and, in particular, on 
the charge carrier concentration. The electronic transport properties of Bi2S3-Bi2Te3 
alloys were also studied, revealing the important role of multiple phases and their 
ratio on the transport properties of these materials. Various PbTe-based alloys were 
also investigated: Single phase p-type (PbTe)0.55(PbSe)0.35(PbS)0.10 was 




showing an almost perfect overlap of the data between 300 and 400 K, and it was 
possible to determine the peak in Hall coefficient, RH, at ~ 415 K. These results 
revealed that Na addition has no influence on the position of this peak, and therefore, 
it can be concluded that these Na-doped compounds can be described by a rigid-band 
model. (PbTe)0.65(PbSe)0.35 doped with 2 at. % Na showed a variation in the onset of 
a sharp increase of RH(T) on alloying with PbS, suggesting an increase in the 
temperature of the RH peak, which is consistent with the higher energy offset 
between light and heavy bands in PbS, in relation to PbTe. Similarly to PbS, PbSe also 
exhibits a larger energy offset between the light and heavy valence bands than PbTe. 
The influence of PbSe alloying in PbTe was clearly visible, by significantly increasing 
the temperature at which the RH peak occurs, particularly the sample with the higher 
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1.1 Background and motivation 
The use of fossil fuels for energy generation was a revolutionary achievement 
in human development and has allowed for accelerating progress ever since. This 
continued growth was supported by the development of technologies and industries 
dedicated to improvements in finding, extracting, and utilizing fossil fuels such as 
petroleum and coal, ultimately leading to our current state, where the long-term 
economic viability of these resources is no longer possible. Beyond simple economic 
considerations such as availability and ease of extraction, there is the ever-growing 
concern for the negative impacts related to fossil fuels. The extraction of these 
resources causes considerable damage to the environment and is a very polluting 
process by itself; moreover, their combustion produces incredible amounts of 
carbon dioxide and other pollutants, and is known to be the main culprit of global 
warming.  
The non-renewable nature of fossil fuels and their related pollution have been 
understood for a long time, and efforts have been made towards lessening our 
society’s dependence on them. As renewable technologies evolved, it became 
obvious that it was necessary to explore several sources of energy and that each had 
their place in tomorrow’s society. Large-scale renewable energy generation has been 
dominated by solar, wind, hydro, and geothermal resources, with remarkable results, 
both economic and environment. This type of thinking led to the realization that 
there was a major source of energy often overlooked: waste heat.  
In the U.S.A., the combined waste energy in electricity generation and 
transportation represents 70 per cent of the total losses, as these industries are the 
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most energy inefficient [1]. Furthermore, the majority – 68 per cent – of the rejected 
energy is in the form of waste heat [2] in electricity generation [3,4], 
transportation [5,6], and other heavy industries such as metal processing [7,8]. This 
has promoted consideration of waste heat recovery technologies such as 
thermoelectric generation (Figure 1.1). Solid-state thermoelectric devices directly 
convert heat into electricity, and although traditional dynamic heat recovery 
technologies are more efficient, particularly in large-scale applications, 
thermoelectric technology shows promising advantages such as no moving parts, 
virtually eliminating the need for maintenance, as well as long life, reliability, silent 
operation, and high scalability [9].  
The purpose of this work is to study the fundamental characteristics of high 
performance, environmentally friendly thermoelectric materials, by developing 
synthesis methods and studying the electronic and thermal transport properties of 
single- and multi-phase alloys. In this work, bulk samples of n-type magnesium 
germanide (Mg2Ge) were fabricated using different synthesis techniques, with the 
aim of addressing challenges related to the reactive nature and high vapour pressure 
of magnesium. These challenges dominated the work done for this PhD thesis, as the 
difficulties relating to the fabrication of these materials were immediately evident 
and led to an extensive synthesis methods development with very limited success, 
which didn’t allow for a comprehensive study of the transport properties of these 
materials. The solubility and characteristics of added bismuth and antimony in 
Mg2Ge were also investigated and found to have effects that are often overlooked 
when working with binary and ternary compounds based on Mg2Ge. These materials 
have been the target of great research interest,  as they are non-toxic and exhibit 
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high thermoelectric efficiency at medium-to-high temperatures – 250 to 650 °C. 
Another component of this doctoral thesis was the optimization of thermoelectric 
characterization techniques, in order to obtain reliable and accurate results that 
could be used in the identification of research paths towards higher efficiency 
materials. This led to in-house collaborations on the development and 
characterization of bulk lead telluride (PbTe) and bismuth telluride (Bi2Te3) 
thermoelectric materials.  
 




Figure 1.1 Flow chart detailing U.S. sources of energy production and consumption 
in 2016. Rejected or “waste” energy is shown to have represented more than 68% of 
the total energy produced [1]. 
CHAPTER 1 – Introduction 
6 
 
1.2 Thesis structure 
This work is composed of seven chapters. A brief description of each chapter’s 
role is outlined below: 
Chapter 1 introduces the theme and motivation for this doctoral thesis and 
details its structure. 
Chapter 2 provides an in-depth look at the fundamental science behind 
thermoelectric phenomena and thermoelectric materials. A comprehensive review 
of the state-of-the-art for magnesium-based thermoelectric materials is presented, 
focusing on the current strategies to improve their thermoelectric performance and 
concluding with the future directions for the development of these materials. This 
chapter is based on a work published as a review article in: R. Santos et al., J. Mater. 
Chem. A, 2018, 6(8): pp. 3328-3341. 
Chapter 3 presents the synthesis methods used in the fabrication of the 
thermoelectric materials studied in this work, and the various structural, 
compositional and thermoelectric characterization techniques that have been 
utilized. Relevant details on the materials used, sample preparation and analysis are 
specified in the subsequent results chapters. 
Chapter 4 reports the synthesis of n-type Mg2Ge through a one-step reaction 
of MgH2 and Ge, using spark plasma sintering, to reduce the formation of oxides. In 
this work, it was shown that the addition of Bi in Mg2Ge leads to the formation of 
phonon scattering Mg2Bi3 precipitates at grain boundaries, significantly reducing the 
lattice thermal conductivity and increasing the maximum zT for n-type Mg2Ge from 
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0.2 to 0.32. This chapter is based on the work published as:  R. Santos et al., Sci. Rep., 
2017, 7(1): pp. 3988. 
Chapter 5 investigates the impact that different synthesis techniques have on 
the performance of n-type Mg2Ge. By comparing the thermoelectric characteristics 
of Mg2Ge obtained through the one-step spark plasma sintering process reported in 
Chapter 4 and solid-state fabrication, it is shown that, regardless of the synthesis 
technique, Mg2Bi3 is formed below the point where Bi can effectively contribute to 
the charge carrier concentration. This leads to a low power factor, although the 
substantial reduction of the lattice thermal conductivity results in a final 
improvement of the zT. This chapter is based on the work published as: R. Santos et 
al., ACS Omega, 2017, 2(11): 8069-8074. 
 Chapter 6 focuses on the use of Hall Effect characterization, to extract 
information on the band structure dependence on temperature and composition. 
This was done mainly by interpreting the Hall coefficient in the specific context of 
each material and alloying compound. In-house collaborations lead to several 
thermoelectric materials being studied using this technique: Mg2Ge, Bi2Te3, and 
PbTe. In this chapter, the first section is dedicated to the study of Mg2Ge when doped 
with Bi or Sb; the second section looks at the effect that alloying elements such as 
sulphur have on Bi2Te3; and the third section comprises three studies on PbTe-based 
compounds: a study on the influence of Na doping of (PbTe)0.55(PbSe)0.35(PbS)0.10; 
the effect of PbSe alloying on PbTe, and the effect of PbS alloying on 
(PbTe)0.65(PbSe)0.35. The latter is part of a work published as: A. Manettas, R. Santos 
et al., ACS Applied Energy Materials, 2018, 1(5): pp. 1898-1903. 
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Chapter 7 concludes this doctoral thesis by summarizing the conclusions and 
knowledge acquired from this work and provides future prospects on the 
development of thermoelectric materials in general and magnesium-based 
compounds in particular.  
 
1.3 References 
1. U.S. Department of Energy, Estimated U.S. Energy Consumption in 2016, Lawrence 
Livermore National Laboratory. 2017. 
2. J. He, M.G. Kanatzidis, and V.P. Dravid, High performance bulk thermoelectrics via a 
panoscopic approach. Materials Today, 2013, 16(5): pp. 166-176. 
3. H.A. Gabbar, C.A. Barry Stoute, D. Steele, et al., Evaluation and optimization of 
thermoelectric generator network for waste heat utilization in nuclear power plants 
and non-nuclear energy applications. Annals of Nuclear Energy, 2017, 101: pp. 454-
464. 
4. K. Yazawa, M. Hao, B. Wu, et al., Thermoelectric topping cycles for power plants to 
eliminate cooling water consumption. Energy Conversion and Management, 2014, 
84: pp. 244-252. 
5. B. Orr, A. Akbarzadeh, M. Mochizuki, et al., A review of car waste heat recovery systems 
utilising thermoelectric generators and heat pipes. Applied Thermal Engineering, 
2015: pp. 490-495. 
6. S. Yu, Q. Du, H. Diao, et al., Start-up modes of thermoelectric generator based on vehicle 
exhaust waste heat recovery. Applied Energy, 2015, 138: pp. 276-290. 
7. T. Kuroki, R. Murai, K. Makino, et al., Research and Development for Thermoelectric 
Generation Technology Using Waste Heat from Steelmaking Process. Journal of 
Electronic Materials, 2015, 44(6): pp. 2151-2156. 
8. H. Zhang, L. Dong, H.-q. Li, et al., Investigation of the residual heat recovery and carbon 
emission mitigation potential in a Chinese steelmaking plant: A hybrid 
material/energy flow analysis case study. Sustainable Energy Technologies and 
Assessments, 2013, 2: pp. 67-80. 
9. G.J. Snyder and E.S. Toberer, Complex thermoelectric materials. Nature Materials, 
2008, 7: pp. 105-114. 
 
CHAPTER 2 – Literature review 
9 
 
CHAPTER 2 – Literature review 
  




Thermoelectric phenomena have been studied for almost two centuries now, and 
they encompass two main effects in semiconducting materials: the Seebeck effect and the 
Peltier effect. The Seebeck effect relates to the generation of an electrical potential due to 
a temperature differential, therefore connecting it to the generation of energy; while the 
Peltier effect relates to the formation of a temperature differential due to an established 
electrical current. Most materials exhibit some thermoelectric characteristics, although a 
specific balance needs to be struck in order to take advantage of them. Certain metals and 
semiconductors display properties in the appropriate range to fill certain niche 
applications, such as in temperature measurement or in small scale temperature control, 
with many advantages over conventional devices. For the past few decades, the most 
promising and exciting application of thermoelectric materials has been in harvesting 
waste heat. Nevertheless, the use of these phenomena in real-world applications is still 
very limited, as the development and optimization of the thermoelectric properties is 
highly challenging. 
 
2.1.1 Seebeck effect 
The thermoelectric property most relevant to this field of study is the Seebeck 
effect. This phenomenon is the one responsible for the ability of thermoelectric materials 
to directly convert a temperature differential into an electrical potential, giving it the 
ability to generate electricity [10]. This effect is reversible, as the direction of the 
temperature differential determines the direction of the electric potential. In a conductive 
material, such as a metal or semiconductor, electrons on the hot side have higher thermal 
energy and diffuse to the cold side where they accumulate, creating a difference in the 
charge density that is measured as an electrical potential, or voltage. The Seebeck effect 
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is then defined by the voltage generated in an open circuit as the result of a temperature 








where ΔV and ΔT are the voltage and temperature differentials between the two 
junctions, respectively. 
In order to generate a useful electromotive force1 in semiconducting materials, 
doping by either a donor or acceptor of electrons is required, creating a significant 
difference in the density of each charge carrier type in the semiconductor. When subjected 
to a temperature gradient, both majority and minority carriers will diffuse to the cold side, 
accumulating and creating a charge differential opposite to the temperature differential, 
with magnitude dependent on the ratio between the concentrations of majority and 
minority charge carriers. At this point, electrically short-circuiting both sides of the 
material allows for an electrical current to flow. Therefore, the direction of the electrical 
current is solely dependent on the direction of the temperature differential. In an undoped, 
or intrinsic, semiconducting material, the ratio between the concentration of electrons 
and holes is close to unity, resulting in a low thermoelectric voltage, as both charge 
carriers diffuse from the hot to the cold region. At high temperatures, thermally excited 
minority carriers are able to overcome the electrical band gap typical of semiconducting 
materials and act as free charge carriers, although these contribute negatively to the 
Seebeck coefficient. Consequently, the Seebeck coefficient can be seen as mainly 
dependent on the charge carrier density and temperature. Equation (2.2 [12] gives a more 
detailed look of this dependence:  
 
1 Electrical potential capable of generating an electrical current. 














𝑚∗(1 + 𝑟) (2.2) 
where kB is the Boltzmann constant, T the absolute temperature, e the electron 
charge, ℏ the reduced Planck constant, n the charge carrier concentration, m* the charge 
carrier effective mass, and r the scattering parameter. It should be noted, however, that 
this equation can only be applied quantitatively when analyzing highly degenerate 
semiconductors (n >> p) [12]. The other two variables in this equation are the density of 
states (DOS) effective mass, which is mainly a function of the electronic band structure, 
and the scattering parameter, which can depend on a plethora of material characteristics. 
 
 
Figure 2.1 Schematic representation of thermoelectric energy generation through the 
Seebeck effect on a unicouple. Adapted from [10]. 
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2.1.2 Peltier effect 
When an electromotive force is imposed on a thermoelectric material, a drift 
current of the majority charge carriers is generated, transporting heat from one junction. 
At the semiconductor/metal junction, the carriers have to exchange energy in the form of 
heat in order to jump from one material to the other, leading to the generation of a 
temperature differential due to released or absorbed heat. The Peltier effect is, therefore, 
associated with heating/cooling devices. As in the case of the Seebeck effect, this effect is 
also reversible: changing the direction of the applied current changes the heated and 
cooled junctions, endowing temperature control devices based on this effect with a 
significant advantage over legacy technologies.  
 
Figure 2.2 Schematic representation of thermoelectric cooling/heating on a) a unicouple 
through the Peltier effect and b) band diagrams representing the n-type 
semiconductor/metal junctions. Adapted from [10]. 




2.1.3 Electrical resistivity 
Another essential intrinsic property of thermoelectric semiconductors is their 
ability to conduct electricity, known as electrical conductivity, σ, or its reciprocal, 
electrical resistivity, ρ. The electrical resistivity contributes negatively to the 
thermoelectric energy conversion by restricting the movement of charge carriers through 
the material, which is essential for generating a useful electrical current.  
There is an interesting relationship between the Seebeck coefficient and the 
electrical resistivity, as both depend on essential material characteristics, specifically 
related to the crystal and electronic structure. According to Equation (2.2, a low charge 
carrier concentration, n, is required to obtain a high Seebeck coefficient. However, a low 









where σ is the electrical conductivity, n is the electron concentration, p is the hole 
concentration, e the electron charge, µe the electron mobility, and µh the hole mobility. 
In highly degenerate semiconductors: 
 
















Balancing the Seebeck coefficient and the electrical resistivity is often the main initial 
challenge in the development of new thermoelectric materials. The optimal relation of 
these two properties is defined as the thermoelectric power factor: 
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 𝑃𝐹 = 𝑆2 𝜌⁄ = 𝑆2𝜎 (2.6) 
 
As mentioned above, the Seebeck coefficient and the electrical resistivity are 
mainly dependent on the charge carrier concentration, and it has been established that 
the optimal free charge carrier concentration for high efficiency thermoelectric materials 
should be between 1019 cm-3 and 1021 cm-3 [13], typical of highly degenerate 
semiconducting materials.  
 
 
Figure 2.3 Variation of the Seebeck coefficient, S, electrical conductivity, σ, and power 
factor, PF, as a function of charge carrier density, n. Based on [13]. 
 
CHAPTER 2 – Literature review 
16 
 
2.1.4 Thermal conductivity 
Low thermal conductivity is necessary for the efficient operation of thermoelectric 
materials, regardless of the application. Charge carriers that diffuse from the hot to the 
cold area of a thermoelectric leg need to remain separated to generate the electrical 
voltage in the Seebeck effect while the temperature gradient established through the 
Peltier effect can only remain large enough to be useful if the thermoelectric material has 
a very low thermal conductivity. 
The thermal conductivity in thermoelectric materials is often seen as the sum of 
two main contributions: the heat transported by electronic charge carriers and the lattice 
vibrations or phonons. These two sources are respectively known as the electronic 
thermal conductivity (κe) and the lattice thermal conductivity (κlat), with both constituting 
the total thermal conductivity (κtot). At sufficiently high temperatures, minority carriers 
in a semiconductor can be thermally excited and significantly contribute to the electrical 
conduction. This term is known as bipolar thermal conductivity (κb) and is larger in non-
degenerate semiconductors such as the ones reported in this thesis, leading to an increase 
in κtot [14]: 
 𝜅𝑡𝑜𝑡 = 𝜅𝑒 + 𝜅𝑙𝑎𝑡 + 𝜅𝑏 (2.7) 
 





where σh , σe, Sh and Se are the hole conductivity, electron conductivity, Seebeck 
coefficient of holes and Seebeck coefficient of electrons, respectively. 
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Direct measurement of each of the components of the thermal conductivity is not 
possible, although the Wiedemann-Franz law allows for the estimation of the electronic 
thermal conductivity through other easily determined parameters:  
 𝜅𝑒 = 𝐿𝜎𝑇 = 𝑛𝑒𝜇𝐿𝑇 (2.9) 
where L is the Lorenz number, σ the electrical conductivity, T the absolute temperature, 
n the charge carrier concentration, e the elementary charge, and µ the charge carrier 
mobility.  
The sum of the lattice and bipolar thermal conductivity can then be determined by simply 
subtracting the electronic contribution from the total thermal conductivity: 
 𝜅𝑙𝑎𝑡 + 𝜅𝑏 = 𝜅𝑡𝑜𝑡 −  𝜅𝑒 (2.10) 
 
The lattice component of the thermal conductivity in a crystalline material is expected to 
vary linearly with the inverse temperature [15]. Therefore, deviations at high 
temperature on the plot of Equation 2.7 as a function of T-1 can be interpreted as the 
contribution of the bipolar component to the total thermal conductivity.  
 
2.1.5 Thermoelectric figure-of-merit, zT 
The main factor hindering the widespread application of thermoelectric devices is 
their low conversion efficiency. These devices can be seen as heat engines and, therefore, 
with a maximum efficiency (𝜂) defined as the product of the Carnot efficiency with a term 
dependent on the properties of the thermoelectric materials constituting the device [16]: 








√1 + 𝑧𝑇 − 1




where TH and TC are the temperatures of the hot and cold ends of the generator, 
and zT the thermoelectric figure-of-merit, which takes into account the three 
thermoelectric parameters discussed before: Seebeck coefficient, electrical conductivity 










The zT is dependent on the doping level of the material [17], making optimization 
of the charge carrier concentration essential for obtaining a fair comparison between 
different thermoelectric materials. Furthermore, the thermoelectric figure-of-merit zT is 
a function of S, σ and κ, which share dependencies on many fundamental thermoelectric 
properties, such as the charge carrier concentration [10]. Balancing the effects of these 
overlapping dependencies creates significant challenges when selecting the correct 
strategy towards higher zT. 
The thermoelectric quality factor, B [17], summarizes the most important 











where kB is the Boltzmann constant, ℏ the reduced Planck constant, NV the valley 
degeneracy, Cl the average longitudinal elastic modulus, 𝑚𝐼
∗ the inertial effective mass, Ξ 
the deformation potential coefficient, κlat the lattice component of the thermal 
conductivity, and T the absolute temperature.  
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The B factor itself also has some limitations, as it operates on the assumption that 
changing the charge carrier concentration merely affects the Fermi level, without any 
significant impact on scattering or on the electronic structure [17]. Many thermoelectric 
materials have several conduction band minima and valence band maxima at different 
positions in the Brillouin Zone, creating degenerated valleys (NV). In this case, the total 
density of states (DOS) effective mass is defined as 𝑚𝑑





∗  2.14 
where 𝑚𝑏
∗  is the DOS effective mass of a single valley [19]. 
𝑚𝐼
∗  can be seen as the weighted average effective mass of valleys in 
semiconductors with anisotropic band structures, and is used to calculate the electrical 
conductivity. Generally, an increase in 𝑚𝐼
∗  results in an increase in 𝑚𝑏
∗ . Defining the 
effective masses in this way is essential to understanding the thermoelectric quality factor, 
as increases in 𝑚𝑑
∗  usually lead to improvements in the Seebeck coefficient. According to 
Equation (2.3, this can be achieved either through a higher NV or a large 𝑚𝑏
∗ . The latter 
also means an increased 𝑚𝐼
∗, however, which is detrimental to B (Equation (2.2), while a 
higher NV leads to a higher thermoelectric quality factor [19-21]. This is also verified if the 
thermoelectric figure-of-merit is considered, as a higher 𝑚𝐼
∗  leads to a lower electrical 
conductivity and zT. 
Moreover, the thermoelectric quality factor indicates that a low lattice thermal 
conductivity κlat should result in higher thermoelectric performance. This conclusion is 
commonly pursued in thermoelectric materials research, and specifically in magnesium-
based thermoelectric materials, by promoting phonon-scattering through point defects in 
alloys [9,22], secondary phases [23-26], or pores [27], which generate additional 
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boundaries, further contributing to the scattering of phonons and consequently to the 
reduction of the lattice thermal conductivity.  
The present market and safety regulations have steered the research and 
development of thermoelectric materials towards lead-free, environmentally friendly, 
and cheap materials [28] made from abundant elements. Magnesium-based alloys are 
viewed as potential replacements for the heavily studied PbTe and others [29-31], due to 
their non-toxicity, high power factor (PF), and low mass density [32,33]. Thermoelectrical 
materials based on Bi2Te3, PbTe, CoSb3, and GeTe compounds remain the most interesting 
materials for potential applications due to their thermoelectric characteristics (Table 2.1). 
Figure 2.4 compares the zT values of the current best performing medium-to-high 
temperature thermoelectric materials, highlighting the place of magnesium-based 
thermoelectric materials.  
 
Table 2.1 Thermoelectrical properties of state-of-art thermoelectric materials. 
Material zT 
S σ κtot κlat T 
Ref. 
µV/K (Ω∙m)-1 W/mK W/mK K 
Mg2.16(Si0.3Ge0.05Sn0.65)0.98Sb0.02 1.45 -215 9.5×104 2.35 1.15 750  [34] 
Bi0.5Sb1.5Te3 1.86 242 6.5×104 0.65 0.32 320  [35] 
(PbTe)0.8(PbS)0.2 2.30 240 3.5×104 0.82 0.35 923  [36] 
Co4Sb11.5Te0.5 1.15 -200 1.3×105 3.50 1.50 880  [37] 
Ge0.87Pb0.13Te 2.20 195 1.0×105 2.20 1.20 718  [38] 
Si80Ge20 1.50 -290 3.5×104 2.30 1.38 1173  [39] 




Figure 2.4 State-of-art zT for medium-to-high temperature thermoelectric materials. 
Mg2Si0.3Ge0.05Sn0.65 (n-type) was obtained from [34] and Mg1.86Si0.3Sn0.7 (p-type) from [40], 
while the remaining data was compiled from [41]. 
 
2.2 Thermoelectric materials 
One way to characterize the different thermoelectric materials that have been 
studied throughout the years is through their temperature range of operation. Low-
temperature thermoelectric materials operate up to ~ 450 K, with bismuth-based alloys 
as the state-of-art compounds. At intermediate temperatures of up to 850 K, the lead 
telluride-based alloys are the most commonly studied materials. High temperature 
thermoelectrics operate up to 1300 K, with silicon-germanium alloys being the main 
representatives of this group. [42] 
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The automotive industry has been a major proponent of the development of 
thermoelectric materials, with a view towards improving fuel efficiency and the 
environmental image of its products [43,44]. This push is behind the search for 
thermoelectric materials that use non-toxic elements in alloys that operate in the 
temperature range exhibited along a car exhaust pipe (Figure 2.5). 
 
Figure 2.5 Temperatures at different regions of the exhaust pipe of an automobile [45]. 
 
An emerging family of thermoelectrics likely to be used in the automotive industry 
is the magnesium-based thermoelectric family. These materials exhibit their highest 
efficiency at 230 – 630 °C (500 – 900 K), putting them in the category of intermediate 
temperature thermoelectric materials, with similar properties to the telluride-based 
thermoelectrics or skutterudites, while having advantages such as environmental 
friendliness, low price, high availability, and low mass density [33,46,47]. 
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2.2.1 Magnesium-based thermoelectric materials 
Mg2X (X = Si, Ge, Sn) materials are intermetallic alloys that have been studied for 
decades [48,49] as potential high zT thermoelectric materials. The application of these 
materials in thermoelectric generators for the automotive industry, for example, requires 
other characteristics beyond thermoelectric performance such as plastic deformation and 
high fracture toughness in order to survive mechanical stress due to vibrations and 
temperature cycling [50]. The automotive industry, in particular, requires these 
generators to be as light as possible, and low mass density materials such as magnesium-
based thermoelectrics, with density of ~ 2g/cm3, have the advantage over the more 
common PbTe, CoSb3, or Bi2Te3 with densities between 6.5 and 8.5 g/cm3. The binary 
compounds of the Mg2(Si, Ge, Sn) system – Mg2Si, Mg2Ge and Mg2Sn – are known to have 
high thermal conductivity [47,51] (Table 2.2), which is reduced by alloying [51] (Table 
2.1), making this class of compounds one of main approaches towards high zT.  
 
Table 2.2 Summary of electronic and physical properties of Mg-based binary 
alloys [47,51]. 
 Mg2Si Mg2Ge Mg2Sn 
a (Å) 6.338 6.385 6.765 
Density (g/cm3) 1.88 3.08 3.59 
Eg at 0 K (eV) 0.77 0.74 0.35 
dEg/dT at 0 K (eV/K) -6×10-4 -8×10-4 -3.2×10-4 
ΔE at 0 K (eV) 0.4 0.58 0.16 
κlat (W/mK) 7.9 6.6 5.9 
Melting point (K) 1375 1388 1051 
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All Mg2X (X = Si, Ge, Sn) compounds adopt the face-centered cubic (FCC) crystal 
structure, and their structural symmetry corresponds to the Fm-3m space group 
(#225) [52]. The unit cell is composed of 12 atoms, with the X4- ions occupying the four 
face-centered cubic positions and the Mg2+ ions the eight centered tetrahedral sites 
(Figure 2.6a). These compounds have very similar band structures, with the valence band 
maximum (VBM) at the Γ point in the Brillouin zone (Figure 2.6b) and the conduction 
band minimum (CBM) at X, resulting in an indirect energy gap (Eg) [53]. The CBM is 
characterized as having a split band, where the light (CL) and heavy (CH) bands are 
separated by an energy offset (ΔE) [51]. This split conduction band is the focus of many 




Figure 2.6 (a) Crystal structure and (b) simplified band structure of Mg2X (X = Si, Ge, Sn) 
alloys. CH, CL, and V represent the heavy conduction band, light conduction band, and 
valence band, respectively [10,53]. 
 
The highest reported zT values for binary, ternary, and quaternary n- and p-type 
Mg-based thermoelectric alloys are shown in Figure 2.7. Most studies have explored n-
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type materials, resulting in a maximum zT of 1.45 at 775 K (502 °C), while for p-type Mg-
based thermoelectrics, the maximum zT achieved is 0.5 at 700 K (427 °C). Despite the 
popularity of these materials, particularly for future applications in thermoelectric 
devices, there is limited information available on their thermal stability and mechanical 
properties. Table 2.3 summarizes the relevant mechanical properties of magnesium-
based thermoelectric materials. 
 
Table 2.3 Mechanical properties of magnesium-based compounds at room temperature. 
E is the Young’s modulus, G the sheer modulus, H the Vickers hardness, αL the linear 
coefficient of thermal expansion, and υ the Poisson’s ratio. References a and b are  [55] 
and [56], respectively. 
Composition 
E G H αL 
υ 
GPa GPa GPa 10-6/K 
Mg2Si 117.3a 49.5a 5.3 a 16 b 0.185 a 
Mg2Ge 105.0 b 45.0 b n. a. 15 b 0.173 b 
Mg2Sn 80.3a 34.2a 1.2 a 19 b 0.176 b 
Mg2.08Si0.4Sn0.6 88.1a 36.9a 3.1 a 20 a 0.195 a 
 
 





Figure 2.7 Overview of the highest reported zT values for Mg-based thermoelectric 
materials. n–type: Mg2Si [57], Mg2Ge [30], Mg2Sn [30], Mg2Si0.6Ge0.4 [58], 
Mg2Si0.3Sn0.7 [59], Mg2Ge0.25Sn0.75 [60], Mg2Si0.3Ge0.05Sn0.65 [34]. p-type: Mg2Si [58], 
Mg2Sn [61], Mg2Si0.6Ge0.4 [62], Mg2Si0.3Sn0.7 [40], Mg2Ge0.4Sn0.6 [63]. 
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2.3 Strategies to improve the zT of Mg-based thermoelectric materials 
2.3.1 Alloying 
Early research on magnesium-based thermoelectric materials was dedicated to 
the study of the binary phases – Mg2Si, Mg2Ge and Mg2Sn – and their properties. The main 
leaps in the performance of these materials were obtained, however, by studying the 
atomic substitution of one element by one or more elements, which is known as alloying.  
The main purpose of alloying in thermoelectrics research is the creation of point 
defects through solid solution alloying, which consists of point substitutions using 
isoelectronic elements. The crystal structure is maintained, while the increased atomic 
mass contrast increases phonon scattering [9,22] leading to lower lattice thermal 
conductivity. At higher concentrations of the substituting element, alloying can have 
effects beyond creating point defects. The presence of atoms with different characteristics 
leads to the straining of the crystal structure, which can have a significant influence on the 
electronic characteristics due to increased electron scattering and consequently, lower 
charge carrier mobility. These changes in the crystal structure, even if minimal, can have 
a substantial impact on the electronic band structure – with positive or negative 
consequences for the thermoelectric efficiency due to changes to the electronic band gap 
and the relative positions of multiple bands [64]. The latter effect has been the main 
motivation behind the study of Mg-based alloys by exploiting the convergence of the two 
lowest conduction bands, leading to a greater power factor, or by increasing the band gap, 
which suppresses the detrimental impact of the bipolar effect [22,64]. 
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2.3.2 Solid solutions 
The solid solutions of Mg2X (X = Si, Ge, Sn) pseudo-binary compounds – Mg2Si1-xSnx, 
Mg2Si1-xGex, and Mg2Ge1-xSnx – have been the subject of great interest due to the significant 
effect alloying has on their lattice thermal conductivity. Mass-difference scattering is the 
main mechanism responsible for the decreased lattice thermal conductivity when alloying, 
and therefore, it is no surprise that the Mg2Si1-xSnx system exhibits the lowest κlat [65,66] 
(Figure 2.8), as the atomic masses of Si, Ge, and Sn atoms are 28.1, 72.6, and 118.71 amu, 
respectively. For this reason, the Mg2Si-Mg2Sn pseudo-binaries are considered the most 
interesting compounds for thermoelectric applications in the Mg2X system [65].  
Alloying Mg2Si0.6Sn0.4 with small amounts of Ge was demonstrated [67] (Figure 
2.9) to have a significant impact on the thermal conductivity of the matrix. The compound 
without Ge already exhibited nanosized phase-separated structures, and the addition of 
Ge led to the formation of more Ge-containing secondary phases, products of the reactions 
of Ge with Mg, Si, and Sn. These features were also refined with increased added Ge, which, 
along with the increased atomic mass difference due to Si substitution by Ge, led to lower 
lattice thermal conductivity at low Ge concentrations. 
Mg2Sn-Mg2Ge pseudo-binary alloys have also been reported as having high 
thermoelectric performance, particularly when power factor is also considered, as is the 
example of Mg2Sn0.75Ge0.25 [60]. This composition exhibits a maximum zT of 1.4 at ~723 K 
(450 ℃) and a maximum PF of 5.5 × 10-3 Wm-1K-2 at ~623 K (350 ℃) which is higher than 
the peak PF of 4.7 × 10-3 Wm-1K-2 of the composition with a slightly higher zT of 1.45, 
Mg2Si0.3Ge0.05Sn0.65 [34]. The authors argue that the smaller size difference between Sn 
and Ge, in relation to Si and Sn, led to higher carrier mobility and band convergence, and 
that the higher power factor is a better indicator of high thermoelectric output than the 
figure-of-merit zT. 





Figure 2.8 Lattice thermal conductivity as function of composition of magnesium-based 
ternary alloys. Adapted from [66]. 
 
The solid solutions of these compounds have naturally forming nanoscale features 
that contribute to the further scattering of phonons [67] (Figure 2.9b). Despite reports on 
the formation of complete solid solutions of compounds such as Mg2Si0.5Sn0.5 [68], thought 
to fall within the miscibility gap of Mg2Si-Mg2Sn, many studies report the observation of 
Si- and Sn-rich phases [44,67,69] (Figure 2.9b and c). The morphology and size of these 
secondary phases depend mostly on the synthesis and processing techniques, which can 
be tuned to induce the formation of phonon-scattering features such as nanoprecipitates 
located within the matrix and/or at the grain boundaries [44,70], or distortions in the 
lattice [44]. Sb-doped Mg2Si0.5Sn0.5 prepared using spark plasma sintering without the 
application of mechanical pressure resulted in samples with 37% porosity that exhibit a 
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lattice thermal conductivity as low as 0.486 W/mK at 573 K [27] (Figure 2.9g), achieving 
a zT of 1.63 at 615 K. 
 
2.3.3 Nanostructuring 
While alloying is an effective approach towards reducing the lattice thermal 
conductivity, the main mechanism through which it operates is the atomic mass contrast. 
The need to further reduce the lattice thermal conductivity led to the development of a 
collection of structural modifications at the nanoscale level commonly known as 
nanostructuring. This approach includes reduction of the grain size [66,71], and 
nanoprecipitates [25,26] (Figure 2.9a) and nanoinclusions [69] (Figure 2.9c), with the 
intent of generating features with similar dimensions to the wavelength of phonons, thus 
scattering them. Obtaining nanosized crystalline matrices requires two main approaches: 
reduction of the grain size of the starting materials and control of the grain growth during 
synthesis/processing. [64] 
 
Grain size reduction 
Theoretical studies on Mg2Si suggest that a 40% reduction in the lattice thermal 
conductivity can be obtained with a grain size of 20 nm due to the formation of phonon-
scattering grain boundaries, although these would also scatter electrons and significantly 
decrease the electron mobility by 20% [72]. Powder processing techniques such as 
grinding and ball milling are commonly used techniques to process Mg-based 
thermoelectrics. Nonetheless, these present challenges, as magnesium particles tend to 
agglomerate instead of fracturing due to their high ductility [60,73], conveying the need 
to react the materials first, forming brittle Mg2X (X = Si, Ge, Sn) compounds that can be 
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easily milled to fine powders [60]. The detrimental scattering of electrons by grain 
boundaries is not reported as a significant effect in Mg2Si1-xSnx solid solutions, and grain 
size reduction is seen as a pathway towards improving zT [44,74] (Figure 2.9e and f). 
 
Addition of nanoparticles 
The presence of nanosized features such as nanoprecipitates can be obtained 
through in-situ formation [44,75] (Figure 2.9d) or by the introduction of nanoparticles at 
some point during the synthesis. The addition of silicon carbide (SiC) nanoparticles to 
Mg2Si0.676Ge0.3Bi0.024 has been recently reported [26] (Figure 2.9a)., leading to increased 
zT. These nanoparticles have a significant impact on the thermal conductivity, despite the 
high thermal conductivity of SiC, lowering it to 1.82 W/mK at 773 K from 3.1 W/mK for 
Bi-doped Mg2Si, resulting in a small increase in zT despite the detection of a decrease in 
the electrical conductivity due to a detrimental effect on the electron mobility. The effect 
of TiO2 nanoparticles in undoped Mg2Si was also reported to increase the zT, although no 
significant effect on the thermal conductivity was observed [76]. The authors reported a 
tenfold increase in the charge carrier concentration due to electrons donated by titanium 
atoms via a reaction of TiO2 during sintering. Sb-doped Mg2Si0.5Sn0.5 prepared by spark 
plasma sintering without the application of mechanical pressure resulted in samples with 
37% porosity that exhibit lattice thermal conductivity as low as ~0.486 W/mK at 573 
K [27] (Figure 2.9g). 




Figure 2.9 Examples of phonon scattering nanostructures in magnesium-based 
thermoelectric materials: (a) embedded SiC nanoparticles in the grain boundaries of 
Mg2Si0.7Ge0.3 (bright particle close to the grain boundaries, inside the blue square) [26], 
(b) Sn/Ge-rich nanocrystallite in Mg2Si0.53Sn0.4Ge0.05 [67], (c) Mg2Si grains coated with 
Mg2Sn-rich nanolayers [69], (d) nanoprecipitates formed during annealing in Mg2Si 
matrix [75], (e) in situ-formed 10 nm-sized nanodots in Mg2Si0.3925Sn0.6Sb0.0075 matrix [44], 
(f) nanoscale structural modulation 16 nm in size, in Mg2Si0.3925Sn0.6Sb0.0075 matrix [44], 
(g) porous Mg2Si0.5Sn0.5 [27]. 
 
2.3.4 Band engineering 
Band convergence 
Several works were recently dedicated to the study of the band structure of Mg2X 
(X = Si, Ge, Sn) compounds [29,51,54,60,77-81], focusing mostly on alloys with potential 
convergence of the two lowest conduction bands. The most interesting compositions are 
around Mg2Si1-xSnx for x = 0.60 – 0.70  [51,54,77,82], where the conduction band 
convergence of the bottom conduction bands (CH and CL) is reported to occur (Figure 2.10), 
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along with increased band degeneracy (NV). The origins of the increased NV are suggested 
to be owing to two main factors [29]: (i) at x ~ 0.75, the Sn 4d states contribute by 
hybridizing with the Mg 3s states in the conduction band; (ii) the alloy-induced strain in 
the crystal lattice significantly affects the positions of the CH and CL bands, due to the 
consequent variation in the lattice parameters. When the energy difference between the 
two bottom conductions bands is smaller than 2kBT, NV increases, leading to a higher 
carrier effective mass (Equation 2.14) which is reported to enhance the Seebeck 
coefficient [12] (Equation (2.2) without decreasing the charge carrier mobility (µ) and, 
consequently, the electrical conductivity (σ, 𝜎 = 𝑛𝑒𝜇) [51,54]. 
Figure 2.10 shows the positions of the light and heavy conduction bands in relation 
to each other as a function of Sn content in Mg2Si1-xSnx. The composition at which the 
convergence of the conduction bands occurs corresponds to the Mg-based 
thermoelectrics reported to have the highest zT – for x = 0.65 – 0.70 – such as 
Mg2Si0.3Ge0.05Sn0.65 [34] and Mg2Si0.3Sn0.7 [59] (Figure 2.4). 
 
 
Figure 2.10 Relative position (in energy) of the two lowest conduction bands and the 
highest valence band as function of the Sn content in Mg2Si1-xSnx [54]. 





The charge carrier concentration governs the electronic characteristics of a 
thermoelectric material by having a direct influence on the electrical conductivity and the 
Seebeck coefficient through the positioning of the Fermi level in the band gap. Beyond 
that, the number of available carriers and the ratio between the electrons and holes play 
essential roles in these parameters, especially at higher temperature due to the bipolar 
effect [83]. Therefore, the primary step towards a higher zT is through optimization of the 
charge carrier concentration, obtained through the doping of the matrix with a donor or 
acceptor element [9].  
Numerous theoretical and experimental studies have reported on potential 
elemental dopants for n- and p-type Mg2X (X = Si, Ge, Sn) thermoelectrics. The most 
commonly used n-type dopants are Bi [43,84-86] and Sb [43,44,51,87-89]. Both 
contribute one electron per substitution [43,87] and are expected to occupy the X site in 
Mg2X when X = Si [43], Ge [84], or Sn [85]. As shown in Figure 2.7b, p-type doping of these 
materials has not been as successful, although the number of dedicated studies on the 
synthesis of these materials is still limited. The most successful method for improving the 
zT in magnesium-based thermoelectric materials has been inducing the convergence of 
the two conduction bands closest to the band gap, which has a profound effect on the n-
type properties of these materials. The lack of a similar structure for the valence band 
limits the pathways available for achieving high performance. Theoretical calculations 
have shown that the optimal charge carrier concentrations for p-type and n-type Mg2Si to 
achieve the same zT at 850 K are 5.3 × 1019 cm-3 and 3.7 × 1020 cm-3, respectively [90]. 
This further constrains the avenues through which improvement is possible, as higher 
charge carrier concentrations require larger additions of p-type dopants, which need to 
CHAPTER 2 – Literature review 
35 
 
be considered with respect to limits of solubility. Some of these dopants have already been 
identified, however, with Ag [58,61] , Li [40], and Ga [62] being the most commonly 
reported hole donors, which are expected to occupy the Mg site in the crystal 
structure [43,84,85]. Another report demonstrated that Ga, when substituing Si in Mg2Si, 
would be expected to contribute to hole formation, which was verified experimentally for 
both Ga-doped Mg2Si and Mg2Si0.6Ge0.4 [62]. 
 Table 2.4 lists elemental dopants used in magnesium-based thermoelectric 
materials.  
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Table 2.4 List of dopants used successfully in magnesium-based thermoelectric materials 
and their respective thermoelectrical characteristics, with some literature reports on the 




































































































































































































































































































































































































































































Generally, the charge carrier (or carriers) donated by the dopant element occupies 
energy levels within the band gap of the host phase, defining the Fermi level (EF). In the 
case of n-type dopants as an example, a loosely bound electron is available to populate the 
conduction band, when excited with the amount of energy required to bridge the small 
gap. Some dopants, however, create resonant levels which contain charge carriers that fall 
inside the band, with the same energy as already occupied states. These interact, resonate, 
and create new energy states that will then resonate with other already present energy 
states, repeating the process several times. These interactions lead to a DOS distortion of 
the band (Figure 2.11), increasing the carrier effective mass without changing the carrier 
concentration, resulting in an increased Seebeck coefficient ((2.2) and power factor (i.e. 
without a significant impact on σ). [2,96]  
Despite the impact that resonant states can have on the efficiency of thermoelectric 
materials, there are limited reports on doping Mg-based thermoelectrics with impurities 
that are expected to induce the formation of resonant states within the electronic bands. 
An exception to this is a work on first-principles calculations of the electronic band 
structure of Mg2Si and possible dopants, which suggests that Ni could potentially form 
resonant states within the conduction band, and Zn and Cd within the valence band [97]. 
Ag was found to form resonant states when substituting Sn in Mg2Sn and strongly 
affecting its electronic bands [98]. The same, however, was not observed when Ag 
substitutes Mg in Mg2Sn, and it acts as typical p-type dopant with no impact on the 
electronic band structure. 
 




Figure 2.11 Schematic representation of the effect of a conventional n-type dopant and 
of a resonant level on the conduction band. Adapted from [96]. 
 
2.4 Magnesium non-stoichiometry 
Synthesizing magnesium-based materials has inherent challenges related to its 
high volatility, eventually resulting in non-stoichiometric compositions of the final 
compounds which, even when on a small scale, have a significant effect on the electrical 
properties of these materials. In general, excess Mg atoms occupy interstitial sites and 
donate two electrons to the conduction band [92], while in the case of Mg deficiency, each 
vacancy acts as a double hole donor [99,100]. There are, however, reports that contradict 
this idea, such as in Mg2(Si0.3Sn0.7) doped with Ga and with excess Mg [101], which shows 
that both Ga and Mg contribute to the formation of holes. Full understanding the impact 
of Mg non-stoichiometry is, therefore, not yet available and could potentially lead to 
significant improvements of these materials, by providing further avenues of carrier 
density optimization. 
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Works on Sb-doped Mg2Ge synthesized through different techniques have 
demonstrated the impact of excess and deficient Mg [30,102-104] on the electron 
concentration and ultimately, the thermoelectric properties: despite all of them having 
been doped with similar concentrations of Sb, the compositions with excess Mg exhibited 
electron concentrations of ~6 × 1020 cm-3 while ~2 × 1018 cm-3 was reported for the Mg 
deficient ones. A more thorough study on the effects of Mg interstitials in 
Mg2(1+x)Si0.38Sn0.6Sb0.02 (0.05 ≤ x ≤ 0.12) [92] showed that their contribution to the carrier 
concentration can even supplant that of the dopant, which can be detrimental when 
precise control of the carrier concentration is needed.  
 
2.4.1 Synthesis methods 
As discussed previously, the stoichiometry of magnesium is likely to be the most 
important factor contributing to the thermoelectric properties of this class of 
thermoelectric materials. Typically, around 2-10 at. % excess Mg is added to the 
stoichiometric composition [67,105-107], as its high vapor pressure and reactivity lead 
to significant losses by evaporation and the formation of other compounds such as MgO 
due to its strong affinity for oxygen [108]. Oxides are electrically insulating, and they are 
therefore undesirable within the bulk material and at the contact interfaces. As the 
formation of some MgO is practically certain, efforts are concentrated on reducing its 
formation, by handling and reacting high purity materials in oxygen-free atmosphere. 
Further losses of Mg through evaporation or reaction with crucibles are common at high 
temperature, which also need to be addressed.  
Synthesizing thermoelectric materials is rarely seen as simply transforming raw 
materials into the desired thermoelectric compound. The type of starting materials – 
powders, pellets, etc. –, the temperature and duration of reactions, the cooling rate, and 
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homogenization steps are all synthesis variables often used to affect the structural 
characteristics of materials, with significant impact on the thermoelectric properties, as 
detailed previously. 
Fabricating magnesium-based compounds can be done using traditional methods 
such as reaction melting and solid-state synthesis, although particular challenges related 
to reacting Mg must be taken into consideration. With temperature as a promoter of Mg 
loss, either through evaporation or reaction, researchers looked at low temperature 
synthesis methods. Mechanical alloying methods such as planetary ball milling have been 
reported for the synthesis of Mg2Si using alumina vial and balls, and stainless steel vial 
and balls [109], although the authors reported that, even after thirty hours of milling, 
complete reaction was still not still achieved, and there was significant contamination by 
the grinding tools. Magnesium does not fracture easily due to its high ductility, 
aggregating when subjected to mechanical stress, delaying or even preventing reactions 
from occurring. This problem can be addressed by restricting the amount of available Mg 
that can aggregate through incremental additions to the ball-milling vial [73], greatly 
reducing the milling time required. More recent studies, however, report achieving 
complete reactions, free of contaminants, through the use of stainless steel balls and vials 
in a shaker-type high energy ball mill [110,111] as opposed to a planetary-type utilized in 
this thesis. The differences in the grinding mechanism of these mills, and its effect on 
several key aspects of mechanical alloying such as impact energy and grinding 
temperature [112,113], appear to play a crucial role in the powder’s final characteristics. 
Mechanical alloying reduces the Mg losses to practically zero, due to it being conducted at 
low temperature and in Ar atmosphere [60]. This process is often used as a mixing and 
homogenization step, before reaction through other methods [63,103,107]. Other 
synthesis processes have focused on the reduction of high temperature steps and/or their 
CHAPTER 2 – Literature review 
41 
 
duration: Mg2Si [114], Mg2Ge [103], and Mg2Si0.6Sn0.4 [115] have been synthesized 
through a one-step SPS method, which utilizes the instant reaction of Si/Ge with the Mg 
precursor MgH2, after temperature-driven H2 liberation. Magnesium-based 
thermoelectric materials are more commonly fabricated through a solid-state synthesis 
method, which relies on the reaction of elements at temperatures below their melting 
point. Mg2.16(Si0.3Sn0.7)0.98Sb0.2 was fabricated using a two-step solid-state reaction 
method, at 873 K for 24 h and 1080 K for 24 h, where high purity powders were loaded 
into boron nitride crucibles and sealed in SiO2 ampoules [50]. The reaction using this 
method is usually assisted by cold-pressing the starting materials into a compact disc, 
promoting diffusion when heated [40,59,116,117]. Single-step solid-state 
reactions  [81,118,119] and complete melting of the starting materials [27,94,120] are 
also commonly reported. The highly reactive nature of Mg at high temperature, such as 
with SiO2, provides another challenge for the reaction of these materials, leading to 
investigations on the use of reaction crucibles, such as from molybdenum foil [79], 
tantalum [121], alumina sealed by B2O3 [122], boron nitride [34], and graphite [67]. 
Magnesium-based thermoelectric materials are also reported to have been synthesized 
through less common techniques such as melt spinning [123], where the molten materials 
are injected onto a rotating chilled copper roller, quickly solidifying in the form of thin 
ribbons. Independently of the reaction method used, the fabrication of these materials is 
normally complemented by a densification step such as hot pressing [26,107,116] or 
spark plasma sintering [70,120,123]. The latter greatly reduces the duration of this step 
by promoting the sintering of particles through passage of an electrical current when 
pressure is applied, allowing for certain nanostructures to be maintained. Hot pressing, 
on the other hand, relies on the heating of powders through conduction of heat for 
extended periods of time at high temperature, usually inducing grain growth and 
homogenization of phases and structures within the material.  




2.5 Solid solutions and phase diagrams 
Despite the considerable volume of work on Mg-based thermoelectric materials, 
little is known about their stability at high operating temperatures. Most authors limit 
their research to supposedly single-phase, precipitate-free compositions as they are 
expected to exhibit higher performance and thermodynamic stability. Furthermore, there 
is no consensus on which compositions are single-phase, and most studies have focused 
on the significant enhancement of various properties through alloying [65,67]. Early work 
on the Mg2Si-Mg2Sn system focused on the optimization of the carrier concentration of x 
~ 0.4 and x ~ 0.6 Mg2Si1-xSnx compounds, considering these as the limits of the miscibility 
gap for these alloys [51]. Subsequent reports on these compounds use this study as their 
main reference when discussing the solid solution limit of Mg2Si1-xSnx. Study of the 
miscibility or solid solution gap of Mg2X (X = Si, Ge, Sn) compounds has received relatively 
little attention, considering its importance for the stability of these materials when they 
are subject to high operating temperature and thermal cycling. There are, however, 
experimental and theoretical studies addressing this issue, along with reports on the solid 
solution stability range [51,68,124-127]. For instance, ab-initio calculations were used to 
theoretically investigate the phase stability of Mg2Si1-xSnx and compare them with other 
theoretical and experimental thermodynamic reports [126] on the same compound 
(Figure 2.12). These suggest that the miscibility gap is wider than what has been 
previously accepted, and the author concludes that reports on high zT thermoelectrics are 
likely not single-phase, questioning the stability of their thermoelectric properties in high 
temperature applications over an extended time. The discrepancy between reports on 
single-phase compounds and ab-initio phase stability calculations [126] has been 
reinforced in recent works on Mg2Si-Mg2Sn thermoelectric materials, where electron 
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microscopy techniques were used to observe more than one phase in these compounds, 
which could not be completely resolved by X-ray analysis [67,116]. 
 
 
Figure 2.12 Calculated phase diagram and comparable data from the literature on the 
Mg2Si-Mg2Sn quasi-binary phase diagram [126]. 
 
The variation in the reported miscibility gap of Mg2Si1-xSnx is considered to be a 
result of the kinetics of the formation of Sn- or Si-rich phases [127], suggesting a 
relationship with the synthesis method. Phase diagrams represent the existence of limits 
and transformations of compounds in thermodynamic equilibrium, and cannot be 
accurately used to predict the outcomes of most commonly used fabrication techniques. 
A systematic study of the structure of Mg2Si1-xSnx for 0.1 ≤ x ≤ 0.8, which was synthesized 
using a B2O3 flux method [124], reported significantly different miscibility gaps from 
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those in the literature and compiled a list correlating the different results with the 
synthesis method used (Table 2.5). The authors point out the wide variability of reported 
miscibility gaps and suggest dependence on the final Mg stoichiometry obtained with each 
synthesis method. 
 
Table 2.5 Reported miscibility gaps and corresponding synthesis methods for 
Mg2Si1-xSnx   [124]. 
Synthesis method Miscibility gap, x Reference 
Flux method 0.2 - 0.45  [124] 
Melting 0.4 - 0.6  [128,129] 
Liquid-solid reaction and hot pressing No gap  [130] 
Mechanical alloying and hot uniaxial pressing 0.09 - 0.72  [125] 
Synthesized in sealed corundum crucible 0.08 - 0.65  [131] 
Calculated 0.08 - 0.66  [127] 
 
2.6 Applications and devices 
The functional unit of a thermoelectric device, generator, or cooling/heating 
system, is the thermoelectric couple or pair. A thermoelectric pair consists of n-type and 
p-type semiconducting materials connected electrically in series through metallic 
contacts and thermally in parallel, using electrically insulating but thermally conductive 
ceramic plates, in such a way that a temperature differential is allowed through the length 
of the pair (Figure 2.13) [10]. Connecting several of these pairs creates a thermoelectric 
module or Peltier device.  
When under operation, these devices are subjected to very large mechanical stress, 
even in the absence of vibration, due to thermal cycling and high temperature gradients. 
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The effects of high temperature on the properties of these materials are also of great 
concern, particularly due to the fact that two distinct semiconducting materials are being 
used, raising the issue of compatibility with each other and with the electrical contacts 
due to diffusion of elements and chemical reactions at interfaces, often demanding the use 
of intermediate layers acting as diffusion barriers. Maintaining electrical contact between 
the thermoelectric legs and the electrical contacts presents another challenge, as simple 
solutions such as solders are not feasible at high temperatures, often requiring the direct 
bonding of the electrodes and the semiconductor. [10,132] 
The operational conditions for medium-to-high temperature thermoelectrics 
impose strict constraints on the selection of compatible materials for the assembly of a 
device. The simplest method when approaching these compatibility challenges is to use 
the same base thermoelectric material for both n- and p-type legs, reducing thermal 
expansion coefficient discrepancies between the two and possibly decreasing the 
complexity of the choice of electrode material. It is uncommon, however, for 
thermoelectric materials to exhibit high zT for both n- and p-type materials: as shown in 
Figure 2.4. For example, n-type Mg2Si0.3Ge0.05Sn0.65 boasts a zT at ~750 K of 1.4 while p-
type Mg2Ge0.4Sn0.6 only reaches a maximum zT of 0.5 at around the same temperature. 
Despite the low efficiency of p-type Mg-based thermoelectric materials, some preliminary 
results on device design and construction of devices based on these materials has already 
been achieved [10,18,66,132-135]. The low performance of the p-type Mg-based 
thermoelectric materials creates serious limitations on the construction of devices, and 
most reports on the use of these materials in modules are on n-type legs [10,66,132]. 
Modules pairing n-type Mg2(Si0.4Sn0.6)0.99Sb0.01 and Mg2Si0.53Sn0.4Ge0.05Bi0.02 with p-type 
MnSi1.75Ge0.01 were reported to reach a maximum power output of 3.24 W at 735 °C, 
achieving an estimated efficiency of 5.3% [133]. The authors report significant oxidation 
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and decomposition of the hot side of the n-type leg, however, and they suggest that 
oxidation-preventing coatings could resolve this issue and that the development of 
effective diffusion layers and better bonding methods is needed. Work on electrodes has 
been focused on joining Ni with n-Mg2Si, mainly using spark plasma sintering [18,134], 
which offers good adhesion, relatively low contact resistances, and the formation of 
intermediate layers as the reaction between Ni and Mg2Si occurs. These interfacial phases 
show good mechanical and electrical properties, characteristics that do not appear to 
significantly depend on the electrode bonding technique [135]. 
Despite the significant challenges ahead for research on Mg-based thermoelectric 
devices, interest in these materials is not expected to fade. The highest zT composition of 
this family of materials, Mg2Si0.6Sn0.4, is reported to have a material cost of 4 $/kg, 
significantly cheaper than the currently commercialized materials such as Bi2Te3, PbTe, 
and SiGe, with material costs of 110 $/kg, 81 $/kg and 371 $/kg, respectively [46]. Table 
2.6 compares state-of-art thermoelectric devices containing magnesium-based materials 
and other thermoelectric materials. 
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Table 2.6 State-of-art thermoelectric devices. Th is the hot side and Tc the cold side 
temperatures of the devices, and η the thermoelectric conversion efficiency. Materials 





Mg2Si0.53Sn0.4Ge0.05/MnSi1.75Ge0.01 735/50 5.3  [133] 
Bi0.4Sb1.6Te3 + CeFe3.85Mn0.15Sb12/ 
Bi2Te2.5Se2.5 + Yb0.3Co4Sb12 
576/35 12.0  [136] 
Bi2Te3 + PbTe/Bi2Te3+PbTe-MgTe 600/30 11.0  [137] 
Unileg p-MgAg0.965Ni0.005Sb0.99 250/25 8.5  [138] 
Yb0.35Co4Sb12/NdFe3.5Co0.5Sb12 550/70 9.1  [139] 
 
There are at least two companies utilizing magnesium-based thermoelectric 
materials in commercially available products: Alphabet Energy, which produces modules 
and generators using an n-type Mg2Si-Mg2Sn compound paired with a p-type Cu-Sb-S 
compound, known as tetrahedrite, both thermoelectric systems that are recognized for 
their relatively good performance at medium-to-high temperatures and low price [140]; 
and Romny Scientific, which commercializes materials and modules fabricated using both 
n- and p-type Mg2Si-Mg2Sn [141]. 
 




Figure 2.13 Schematic diagram of a thermoelectric module, with a pair highlighted. The 
pairs are connected electrically in series through metallic contacts (dark grey) and 
thermally in parallel through ceramic plates (light grey). This configuration allows for the 
maintenance of a temperature differential from one ceramic plate to the other, through 
the thermoelectric material. 
 
2.6.1 Electrode bonding materials 
Reports on thermoelectric generators using magnesium-based materials are still 
limited to Mg2Si as the n-type leg, and therefore, development of bonding techniques and 
electrode materials is also in their preliminary stages. Bi-doped Mg2Si has been used as 
the hot-side n-type thermoelectric material in a segmented leg [142], where the authors 
first bonded it to Bi2Te3 by evaporating 50 nm of Ti and 1 µm of Ag onto both surfaces 
before using Ag solder. Ti is expected to increase the adhesion between the 
semiconductors and Ag, which acts as “glue” due its low wetting angle. Then, a Cu 
electrode was brazed to the Mg2Si using a Ag-Cu-Sn-Zn alloy. The cold side was bonded to 
the Cu electrode using a common Pb solder, as no significant reactions are expected to 
occur at low temperature. The total resistance of the electrodes, segmented legs and 
respective bonding interfaces is reported to represent less than 2% (50 µΩcm2) of the 
internal resistance of the materials used. Mg2Si is normally bonded to Ni [18,134,143] as, 
at its working temperature, these materials are not expected to react [18,143]. Ni has 
been directly bonded by SPS Sb-doped Mg2Si powder between two layers of Ni 
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powder [143], with its thermoelectric legs representing 12% (29.9 mΩcm2) of the total 
resistance. SPS was also used for bonding bulk Cu and Ni foil to Mg2Si during the reaction 
of Mg and Si powders, forming a Cu/Ni/Mg2Si/Ni/Cu structure [134]. In this study, the 
authors performed a more in-depth analysis of the Ni/Mg2Si interfaces and reported the 
formation of Ni-Si phases (Figure 2.14a), obtaining a contact resistance of 1.44 mΩcm2. 
The bonding of Ni foil to pre-reacted Mg2Si powder by SPS [18], lead to an interface 
consisting of ternary phase Mg-Si-Ni and Si-Ni, resulting in high adhesion and very low 
contact resistance of 4.4 µΩcm2. The synthesis of Mg2Si and bonding with Ni in a single-
step consistently result in lower contact resistances due to the perfectly intimate contact 
between the two materials through intermediate phases. This intimate contact is not 
possible when Ni is bonded to bulk (already formed) Mg2Si, resulting in contact 
resistances around an order of magnitude higher [135,144]. Ti, TiSi2 and TiN were studied 
as candidate materials for diffusion barrier layers between Ni contacts and thermoelectric 
Mg2Si, as these react at high temperature and form resistive phases [145]. Deposited TiN 
has shown particularly promising results by preventing significant diffusion of Mg while 
maintaining low contact resistance, after annealing. Bonding of Mo electrodes was also 
reported on the hot side of high zT Mg2(Si0.4Sn0.6)0.99Sb0.01 and Mg2Si0.53Sn0.4Ge0.05Bi0.01, 
after deposition of thin layers of Ni, Pb and Cr to improve contact and adhesion [133]. At 
this point in the development of magnesium-based thermoelectric devices, research 
efforts are still focused on the development and optimization of bonding techniques and 
materials, although the long-term stability and impact of the materials used in the joinings 
on the thermoelectrical and mechanical properties of the device are critical to the 
technology and must not be overlooked. 
 




Figure 2.14 (a) Secondary electron image of a Ni/Mg2Si interface after sintering for 15 
min at 1023 K [134], showing pure Ni as a bright phase on the left, Mg6Si7Ni16 phase in 
dark grey with precipitates of Ni2Si in light grey, followed by (Mg0.52Ni0.48)7Si4 [146] in 
darker grey, and Mg2Si in black. (b) Unileg device, consisting of ten thermoelectric legs of 
Sb-doped Mg2Si [143]. 
 
2.7 Summary and outlook 
In this work, we have reviewed the general position occupied by magnesium-based 
thermoelectric materials in terms of performance, challenges, and advantages, in relation 
to other thermoelectric materials. This group of thermoelectric materials has been 
garnering considerable interest due to the high zT values obtained in its n-type materials 
at medium-to-high temperatures, while it is considered to have high availability, non-
toxicity, and very low density. Mg2X (X = Si, Ge, Sn) binary and ternary alloys provide a 
wide range of compositions to explore, with many performance-enhancing pathways 
available, such as band engineering, by inducing band convergence [51,54] and/or 
resonant states [97]; complete dissolution of elements, providing stable solid 
solutions [65,66], or phonon-scattering features in intermetallic compositions [26,44,67], 
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as well as the possibility of building thermoelectric modules using both n- and p-type 
magnesium-based materials, greatly reducing compatibility issues [10].  
Recent studies have been focused on understanding the mechanisms responsible 
for the current performance of magnesium-based materials, although an application-
driven research approach may be necessary to solve challenges such as doping 
optimization – particularly for p-type compounds –, long term and high temperature 
compositional and structural stability, the development of synthesis processes that 
provide precise control of the final stoichiometry, thermomechanical studies on the 
reliability of these systems under adverse conditions while in operation, and the bonding 
of compatible electrical contacts. Despite being mostly seen as potential alternatives to 
the higher efficiency materials, such as PbTe [31], magnesium-based thermoelectric 
compounds exhibit exciting techno-economic characteristics that are relevant when 
considering viable thermoelectric materials for large-scale applications, particularly the 
aforementioned low mass density and low cost of the raw materials. Therefore, the 
development of high efficiency p-type magnesium-based compounds could be the 
breakthrough required for worldwide application of these materials. The particular 
challenges related to p-type optimization center mostly around the low charge carrier 
density achieved in these materials, aggravated by the limited number of compatible 
dopants comprising Ag, Li, and Ga, with Li being the most promising one. A double-doping 
approach with combinations of these three elements might be the key to achieving high 
charge carrier concentrations in p-type magnesium-based thermoelectric materials. Most 
synthesis methods further contribute to a low charge carrier density, as excess 
magnesium in the final compounds occupies interstitial positions in the lattice and acts as 
an electron donor. Beyond their overall negative impact on the power factor, low doping 
densities generally lead to the manifestation of the bipolar effect at lower temperatures, 
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which effectively decreases their maximum operating temperature. Reports on the 
variable solubility of dopants in the Mg-based binary phases depending on the fabrication 
methods open the door to exploring new ways of increasing hole concentration. The 
inconsistency concerning the reports of solubility limits of dopants and solid solution 
ranges in these materials usher in exciting opportunities to explore. Concepts such as 
selective doping of secondary phases within a matrix, known as modulated doping – in 
the form of phonon disruptive structures such as nanodots, grain surrounding nanolayers, 
or compositionally modulated structures [147,148] –, with dopant elements having 
temperature dependent solubility, are techniques yet to be reported for this class of 
thermoelectric materials. Non-equilibrium techniques are often required in the 
development of these structures, but their benefits are undermined by low long-term 
thermal stability.  
As the synthesis of magnesium-based thermoelectric materials is still under 
development, work on their application in thermoelectric devices is still in its infancy. 
Less attention has been devoted to the long-term stability of these compounds at higher 
temperature, in terms of either thermoelectric or mechanical properties. Such studies are 
essential to ensure their future applicability. Consequently, reports on the bonding of 
electrical contacts are also still lacking, as this work offers significant engineering 
challenges by requiring high adhesion between the materials while maintaining their 
mechanical and thermoelectrical characteristics at high temperature.  
Despite the great number of challenges ahead for magnesium-based 
thermoelectrics, their promising potential advantages makes them very interesting 
particularly from a commercial point-of-view, and they are sure to arouse further interest 
as their development approaches real world device suitability. 
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CHAPTER 3 – Experimental Methods and 
Characterization Techniques 
  




This chapter discusses the synthesis and characterization techniques used in 
this doctoral research work. As discussed in the previous chapter, the synthesis and 
transformation of high purity semiconductor materials is extremely challenging, 
particularly magnesium-based materials. Different fabrication techniques have been 
explored with the goal of developing pathways towards oxide and impurity-free 
materials while maintaining the ability to reproduce compositions and 
characteristics. A short discussion on the development process of each method is 
added when relevant. 
The final samples reported on this work were obtained as a result of a very 
long exploration of different synthesis techniques, which were independently 
developed up until the point of submission of this document. The development of the 
fabrication processes for the study of these samples, which is a necessary but usually 
merely supplementary to the main work, overshadowed the initial concept of this 
doctoral study which was the development of ternary and quaternary phases of 
magnesium alloys with silicon, tin and germanium, and study of their thermoelectric 
properties. The initial concept for this study was:  
1. Fabrication and characterization of the pseudo-binary Mg2Si, Mg2Sn 
and Mg2Ge phases as proof-of-concept. Complete development of all 
processes from the handling of elemental constituents, reactions, 
compaction, and sample preparation for full characterization; 
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2. Fabrication and characterization of the pseudo-ternary Mg2Si-Mg2Sn, 
Mg2Si-Mg2Ge and Mg2Sn-Mg2Ge phases, while refining the processes 
already developed; 
3. Fabrication and characterization of pseudo-quaternary Mg2SixGeySnz 
phases, utilizing processes established in the two previous stages of 
development. 
 
From the many synthesis methods discussed in the literature for this class of 
thermoelectric materials, the choice fell on the ones focused on reducing the 
impurities present in the final composition – such as magnesium deficiency, 
oxidation or contamination – with the goal of attaining precise control on the doping 
characteristics of these samples. In the total duration of this doctoral study these 
efforts resulted in more than two hundred attempts at fabricating samples, of which 
only approximately thirty could be subjected to a significant number of 
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3.2 Preparation and synthesis methods 
3.2.1 Ball milling 
Planetary ball milling was utilized in this work in different capacities: 
preparation of the starting materials for high temperature synthesis by reducing 
particle size, increasing reactivity; homogenization of powder mixtures; and high-
energy milling for direct solid-state synthesis of compounds. The equipment used 
was a Fritsch Pulverisette 7 premium line (Figure 3.1a) with 40 mL tungsten carbide 
(WC) bowls and 5 mm diameter WC balls. This planetary ball milling equipment 
utilizes the interplay between the centrifugal forces generated by the own-axis 
rotation of the bowls and the Coriolis force created by the different rotational 
directions of the bowls and the rotating disk on which they are set; the latter effect 
is more commonly known as the planetary movement. The centrifugal force 
generates friction between the balls and the inner walls of the bowl, while the 
planetary movement of the bowl and disk launches these balls at high speed in 
perpendicular direction to the direction of rotation (Figure 3.1b). Materials covering 
the balls and bowl walls are therefore exposed to these two types of impacts, 
significantly accelerating the comminution of particles when compared with simple 
ball milling or impact milling techniques. 
 




Figure 3.1 a) Fritch Pulverisette 7 premium line and b) schematic diagram of 
horizontal section showing ball movement inside a planetary ball milling bowl. 
Adapted from [149].  
 
General synthesis procedure 
All the handling of the powders, pre- and post- ball milling, was conducted 
under inert atmosphere. The loading of the balls and materials into the ball milling 
bowls was done inside an Ar filled glovebox with < 0.1 ppm O2 and < 0.1 ppm H2O. 
The bowls were then sealed, retaining the Ar atmosphere, and transferred to the 
planetary ball mill. Once the milling and mixing were concluded, the bowls were kept 
sealed and transferred back to the glovebox, to recover the homogenized powders.  
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Notes on the development of this method 
Direct reaction through high-energy ball milling 
The first attempted synthesis method in this thesis was direct reaction of 
elemental powders/pieces using the milling equipment described above, for high-
energy planetary ball-milling. A comprehensive study was developed, where several 
milling and cooling times, ball-to-powder ratios, rotation speed and the use of milling 
aides, were tested. Variables such as vial volume and ball diameter, and other 
commonly used ball-milling techniques – such as cryogenic or shaker-type ball-
milling – could not be tested as they were not available. Adhesion of magnesium to 
the walls of the ball-milling vials was unavoidable (Figure 3.2), which resulted in 
incomplete reaction and damage to the milling equipment. Time-consuming 
processes for the removal of the adhered magnesium and complete cleaning of the 
equipment also had to be developed to ensure future contamination-free use. 
Invariably, the results were woefully unsatisfactory and the work on this method 
was discontinued. 




Figure 3.2 Interior of the lids (a, c) and vials (b, d) after a total of thirty hours of 
high-energy ball-milling, with (a, b) and without (c, d) using n-Hexane as a milling 
aid. The interior of the lid and vials were initially completely smooth; the visibly 
rugged surface is strongly adhered magnesium. 
 
Incrementally added magnesium 
Issues with the ductility of magnesium hindering the full stoichiometric 
reaction during mechanical alloying processes is a well-known 
phenomenon [73,150], which is normally addressed by utilizing starting materials 
with smaller particle size, such as magnesium powder. This route was also not 
available during this work due to the danger of explosion when magnesium powder 
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is exposed to air. Instead, a different technique was attempted by incrementally 
adding small pieces (turnings) of magnesium in different stages of the ball-milling 
process, as suggested in [73]. Still, the aggregation of magnesium was unavoidable 
and uncontrollable, shielding the core of these aggregates from reacting. Trial runs 
with smaller additions (in mass) of magnesium and increased milling times didn’t 
resolve this issue, and the ultimate results were, invariably, incomplete reactions. 
Furthermore, as each added increment required pausing the milling, loading and 
unloading the vials into the glovebox, and resuming the milling, the total time 
required for obtaining a product was not practical.  
Despite the fact that these particular vials and balls were, following 
consultation from the equipment distributors, specifically purchased for this study, 
it was later found that the vial volume and ball diameter used in this study were 
unsuitable for reacting these materials. The manufacturers, however, didn’t disclose 
the reasons why nor offered a solution to this issue. 
 
3.2.2 Solid-state synthesis 
Polycrystalline semiconductors have been commonly synthesized through 
solid-state routes, where complete melting of the raw materials does not occur. This 
fabrication route has many variations, but it is generally considered when at least 
one of the components has high volatility and reactivity at high temperature. The fact 
that it is done at relatively low temperature, i.e. below the melting point of its 
components, inhibits undesirable reactions such as oxidation from occurring as 
easily or to a significant extent, allowing for purer final compounds. This 
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characteristic is particularly important when working with semiconducting 
materials, as non-stoichiometry and uncontrolled impurities can dominate the 
properties of the final compound.  
During this doctoral work, several types of solid-state synthesis processes 
were explored, such as direct reaction of elemental powders using high energy ball 
milling, one-step decomposition and reaction of a powdered precursor with a metal, 
and solid-state reaction of elements.  
 
One-step spark plasma synthesis 
As described in Chapter 2, magnesium-based materials present significant 
challenges in their fabrication mainly due to the very high volatility and reactivity of 
Mg. These characteristics lead to the need for low temperature and fast synthesis 
processes in inert atmosphere, in order to prevent Mg’s volatilization, oxidation and 
reaction with crucibles. 
The one-step spark plasma synthesis method, utilized in this work for the 
fabrication of Mg2Ge, relies on the decomposition of magnesium hydride, MgH2, as a 
precursor for Mg. At ~ 623 K [114], MgH2 is expected to decompose and, if in a 
powder mixture with Ge, to react with Ge as the H2 is liberated following:  
 2𝑀𝑔𝐻2 + 𝐺𝑒 ⇄ 𝑀𝑔2𝐺𝑒 + 2𝐻2 (𝑔)  
 
This process is expected to be conducive to samples with low oxidation and 
high purity, as it occurs in vacuum and the liberation of H2 is expected to prevent O2 
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from reacting with metallic Mg. This process occurs inside the spark plasma 
sintering chamber, and therefore, the reaction and compaction of the powders is 
performed in a single step. 
The processing conditions and characteristics of the resulting samples 
prepared using this synthesis method are detailed in Chapter 4. 
 
Notes on the development of this method 
Despite the apparent simplicity of this fabrication method, it required 
significant development and refinement efforts on many stages of the procedure, 
particularly on the temperature and pressure conditions to promote the full 
decomposition of MgH2 and reaction with Ge. This involved homogenizing the 
powder mixture through ball-milling at low rotation speed, and a precise control of 
the temperature and duration of reaction. Given enough time, reactions at low 
temperature would eventually liberate all the H2, however, the Mg tended to remain 
unreacted, while the formation of MgO was more likely to occur at higher 
temperature. All these parameters, including maximum and rate of applied uniaxial 
pressure, and heating/cooling rates during the SPS reaction and compaction steps, 
were crucial in determining the phases formed and their mechanical properties, 
which often resulted in broken and unusable samples. Attempts with other 
compositions, namely Mg2Si and Mg2Sn were also done, in an effort to identify if the 
ongoing issues could be the result of different elemental properties, initial particles 
sizes, etc. 




Figure 3.3 Scanning electron microscopy (SEM) micrographs of nominally 
stoichiometric Mg2Ge sample (left) revealing large agglomerations of unreacted Ge 
(orange), while the sample synthesized with 10 at. % excess Mg (right) appears to 
have achieved complete reaction. High porosity at the grain boundaries is visible in 
both samples, due the removal of intergrain MgO during the sample preparation for 
SEM.  
Eventually, despite having obtained some promising results, which resulted 
in a scientific publication detailing its initial findings, this fabrication method could 
not be further developed, as all distributors of scientific materials ceased the sell of 
magnesium hydride. Producing MgH2 in-house was considered, however, recent 
experience in the development of new fabrication methods and the unavailability of 
the required equipment, determined this to be impracticable. 
 
Two-step solid state reaction  
A two-step reaction in the context of bulk, high density semiconducting 
materials commonly consists of a solid-state reaction step, as described above, 
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followed by a compaction/sintering process. In this doctoral work, all compounds 
synthesized through this method were reacted from mixed elemental powders 
and/or small fragments, handled in an Ar-filled glove box, loaded into a quartz 
ampoule, and temporarily sealed for handling in atmosphere. The ampoules were 
then permanently sealed using an oxyacetylene torch, after evacuating and flushing 
several times.  
 
Sealing magnesium in quartz ampoules 
The preparation of the Bi2Te3-xSx for reaction in the furnace followed exactly 
the process described above, although the Mg2Ge compounds required the 
development of additional steps. Firstly, Mg reacts significantly with the Si 
constituent of quartz in the ampoule (SiO2), and therefore, the Mg-Ge reaction could 
not be conducted using quartz as a crucible, as in the case of Bi-Te-S. Magnesium 
needed to be physically separated from quartz. Commonly used ceramic crucibles 
could not be utilized, however, as they cannot be vacuum sealed. Sealing these 
crucibles in large diameter quartz ampoules was attempted with no success, as it 
was almost impossible to seal these without spilling the contents of the crucibles 
inside the cylindrical ampoule. The use of a “flexible” crucible was also attempted, in 
the form of molybdenum foil, with the intention to wrap the starting elements and 
sealing them in the quartz ampoule. This method was also unsuccessful as it was 
almost impossible to keep all the contents inside the Mo foil while closing it, due to 
its still high rigidity. Cold-pressing of the materials was ineffective due to the fact 
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that Mg turnings would not allow for a complete compaction of the materials, leading 
to losses of material and an inadequate control of the stoichiometry.  
The solution relied on coating the interior of the quartz ampoules with boron 
nitride (BN), as it does not react with Si/SiO2 or Mg. Developing aqueous solutions 
of BN, that would evaporate inside an ampoule with a very small diameter, creating 
a thick and homogeneous layer which effectively separated the reactants from the 
quartz at high temperature, was an extremely challenging task in itself. Therefore, 
the BN had to be delivered in the form of a commercially obtained concentrated 
aerosol and not allowed to be dispersed into a fine mist, but rather maintained as a 
liquid so that an even coating of the quartz ampoule was possible. As the 
solvent/propellant was not allowed to naturally evaporate during dispersion as in a 
normal aerosol, it had to be sublimated using an oxyacetylene torch. This process of 
applying the BN solution and sublimating the solvent/propellant had to be repeated 
several times to create a thick layer of BN. Some solvent/propellant was calcinated 
during heating with the oxyacetylene torch, resulting in carbon being mixed in the 
initially white BN.  
This was not sufficient, however, as the quartz ampoules would crack at high 
temperature, due to Mg reacting with Si, despite the thick BN coating. Even though 
the ampoules maintained some structural integrity, these cracks would allow air to 
enter and oxidize the materials at high temperature. The correction for this issue 
was to vacuum-seal the ampoules inside another one with a larger diameter.  




Figure 3.4 Example of a boron nitride-coated quartz ampoule, sealed in a larger 
diameter quartz ampoule, exhibiting cracks after being exposed to high temperature 
for a prolonged amount of time.  
 
Even though the oxidation and purity problem was solved with this extensive 
development of an appropriate synthesis process for magnesium-based compounds, 
the significant loss of magnesium through evaporation and reaction with Si 
remained. This issue is observed in any fabrication process that involves the heating 
of magnesium and is generally managed by adding extra Mg beyond the 
stoichiometric amounts. The process described here, however, requires a 
significantly higher amount of extra Mg (> 50%) in order to obtain compounds close 
to stoichiometric Mg2Ge, while the one-step synthesis using MgH2 as a precursor and 
synthesis methods in other reports require between 5 and 20%.  
 
3.2.3 Spark plasma sintering 
The fabrication of the samples for thermoelectric characterization was 
carried out by high temperature, high pressure sintering of powders using a spark 
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plasma sintering (SPS) equipment. In this work, the SPS was also employed in two 
different ways: the synthesis and sintering of Mg2Ge by in situ reaction of a 
magnesium precursor, magnesium hydride (MgH2) powder, and germanium 
powder; and the sintering of already formed compounds. The SPS equipment was a 
Spark Plasma Sintering system from Thermal Technology, with 12 mm diameter dies 
and punches composed of high density graphite.  
Powders sintered through the hot pressing method are subjected to 
simultaneous application of high uniaxial compressive pressures and high 
temperature, applied externally to the die and powder set, under vacuum or inert 
atmospheres. Spark plasma sintering controls the temperature internally, by passing 
high pulsed direct current through the graphite die and the powder particles which, 
due to their reduced size and small contact points, are exposed to extremely high 
current densities. This process significantly diminishes the time materials spend at 
high temperatures when compared to hot pressing, reducing oxidation and lessening 
grain growth. [10] 
 




Figure 3.5 a) Thermal Technology Spark Plasma Sintering (SPS) system and b) 
schematic diagram of the SPS working principle. 
 
Notes on the development of this method 
All the processing techniques utilized in preparation of the powder mixture, 
such as particle size, homogeneity, purity and phases present, can have a significant 
effect during the final stage of the fabrication process. Optimizing the SPS conditions 
to consistently obtaining usable samples for further characterization requires a fully 
optimized and consistent powder mixture, which, as described before, was 
extremely challenging and not completely achieved. However, once set, the SPS 
process was almost completely automatized and fairly consistent, where the 
remaining variables – apart from the conditions of the powder mixture – were the 
assembling of the die and the powder, and disassembling the die and sintered sample.  
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Determining the best SPS conditions for these samples was, therefore, 
another significant challenge. The interplay between temperature, pressure and 
their variation in time during the various stages of this process, had to be determined 
using unoptimized powder mixtures, where oxides, unreacted elements and 
inhomogeneous particle distributions were present. Therefore, success during the 
pre-SPS processing of the powder didn’t always result in a successful sample, while 
an optimized SPS processing of a less-than-ideal powder mixture also often resulted 
in unusable samples.  
 
3.3 Characterization techniques 
3.3.1 Structural and phase characterization 
X-ray diffraction 
Structural and phase characterization of powders and samples was 
performed mainly through X-ray diffraction in this research work. This technique 
allowed for the identification of the phases present in synthesized powders and 
fabricated samples, and direct analysis of the effects of different processing and 
composition variables on the structural characteristics of samples. Two XRD 
instruments were utilized in this work: a GBC MMA and a MAC Science 
diffractometer. XRD characterization is based on the measurement of the angle and 
intensity at which X-ray radiation is diffracted by the atoms in the structure of a 
powdered or bulk sample in order to deduce crystal structures and distances 
between atomic planes. Comparing these with a database of known structures and 
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compounds allows for the identification of the sample being studied. These 
diffractometers use a source of collimated monochromatic X-rays (Cu target, 
wavelength 𝜆 = 1.5418 Å) that targets the sample, and the X-rays are diffracted 
when the scattered radiation conditions satisfy Bragg’s law, 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃, where 𝑛 
is an integer indicating the order of reflection, 𝜆 is the radiation wavelength, 𝑑 the 
distance between the atomic layers of the crystal, and 𝜃  the angle between the 
incident rays and the surface of the crystal. [151]  
While XRD characterization is practically ubiquitous in materials science 
laboratories due to its ease of use and reliability, it has limitations that regularly 
require a deeper understanding of the material being tested, the principles guiding 
the XRD equipment operation and the inner workings of the tools used for analysis: 
secondary phases might not be detected due to the detection limit of the equipment; 
sample fabrication and/or preparation for the XRD characterization can lead to 
texturization or strain in the crystal structure, which can impact the analysis; or 
multiphase materials where the different phases have similar crystal structures can 
be hard to identify and analyze due to peak overlapping. Additionally, the improper 
use of the various XRD pattern analysis tools can also lead to erroneous results and 
conclusions. Despite these issues, this technique is incredibly powerful in its 
straightforwardness and speed, with a very large support structure in the form of 
pattern databases, post-processing tools to extract information from the 
experimental pattern and many other resources.  [152,153] 
 




Figure 3.6 Schematic diagram of constructive interference (or diffraction) of X-ray 
radiation, satisfying Bragg’s law: 𝒏𝝀 = 𝟐𝒅𝒔𝒊𝒏𝜽. Adapted from [151]. 
 
Scanning electron microscopy and energy dispersive spectroscopy 
Scanning electron microscopy (SEM) was performed following XRD analysis 
as a supplemental structural identification method. Minority phases suggested by 
XRD characterization could be further analyzed through SEM and/or energy 
dispersive spectroscopy (EDS). EDS is based on the detection of X-ray radiation, 
generated by the interaction of the electron beam used in SEM imaging with the 
elements in the sample, enabling elemental identification and semi-quantitative 
analysis of the phases present. SEM/EDS analysis requires highly polished and defect 
free surfaces, for which specific polishing procedures had to be developed (see 
Appendix B). 
 




Optical microscopy analysis was used mainly for inspection of the surface 
polish of samples prepared for SEM/EDS and to identify if the samples had 
microstructures that would indicate major deviations in stoichiometry. Regions of 
interest for later SEM/EDS analysis were also identified. When optical micrographs 
were required, a Leica DM6000 system was used.  
 
3.3.2 Thermoelectric properties characterization 
The final step in the characterization of thermoelectric materials is assessing 
their thermal and electronic properties, generally with the figure-of-merit, zT, in 
mind. This involves obtaining the Seebeck coefficient, electrical resistivity and 
thermal conductivity at each temperature. Nevertheless, this information alone does 
not allow for a complete picture of the thermoelectric properties and the underlying 
characteristics responsible for those properties. Looking back at the fabrication 
process, existing phases, their composition and features, and linking that 
information with the final zT and its constituents allows for a better understanding 
of not only how to further improve the thermoelectric material being studied, but 
also to attain more in-depth knowledge on the impact of each fundamental 
characteristic on those properties.  
 
Thermal conductivity 
Direct measurement of the thermal conductivity in bulk samples is not trivial, 
as it requires very good thermal insulation with the chamber environment, 
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particularly to avoid heat loss through radiation at high temperature, while 
maintaining very good thermal contact with heaters, heat sinks and 
thermocouples [154]. Instead, most commercial systems measure the thermal 
diffusivity, which can be seen as a material’s ability to transfer heat between two 
regions at different temperatures, while the thermal conductivity also involves its 
retention of that heat. The most commonly used and simplest method for measuring 
the thermal diffusivity is through the laser flash method: heating one side of a 
cylindrical sample using a short energy burst such as a from a laser and measuring 
the time that heat takes to propagate through the thickness of the sample in the form 
of phonons and then be radiated through the other side of the sample in the form of 
infrared radiation. This radiation is then detected by use of an infrared sensor, 
allowing for a direct measurement of the thermal diffusivity (Figure 3.7a). The 
voltage signal of the infrared sensor is recorded before and after the laser pulse so 
as to determine half of the maximum amplitude of the temperature signal and how 
long it took to reach that point (Figure 3.7b). These parameters permit the 
calculation of the thermal diffusivity: 
 𝛼 = 0.1388 𝐿2/𝑡1 2⁄  (3.1) 
where L is the sample thickness and t1/2 is the time taken to reach half of the 
maximum amplitude of the temperature signal. 
The final determination of the thermal diffusivity by the evaluation software 
is, however, more complex as it utilizes evaluation models that take into account 
parameters such as heat loss, finite pulse, and baseline corrections. 
 




Figure 3.7 a) Schematic diagram of the laser flash technique apparatus for thermal 
diffusivity measurement and b) signal output from the infrared detector.  
 
If the heat capacity and density of the studied sample are known, it is possible 
to calculate its thermal conductivity, κtot: 
 𝜅𝑡𝑜𝑡 = 𝑑 ∙ 𝐷 ∙ 𝐶𝑝 (3.2) 
where d is the density, D the thermal diffusivity and Cp the heat capacity. 
 In this work, the thermal diffusivity of the as-prepared samples was 
measured using a Linseis LFA-1000 which uses the laser flash method. The 
uncertainty in the measurement of the thermal diffusivity is of at least 5 % at room 
temperature, which when added to the uncertainty relating to the determination of 
the sample density could be much higher, particularly at higher temperature. For 
this work, an uncertainty of at least 10 % can be considered for the total thermal 
conductivity at room temperature. [154] 




Seebeck coefficient and electrical resistivity 
The mainstay parameter of thermoelectric materials is without a doubt the 
Seebeck coefficient, guiding every development and optimization of these materials. 
Measuring apparatus for the Seebeck coefficient often requires two different 
temperature controls: one to regulate the ambient temperature inside the sample 
chamber and another to generate a temperature differential between two extremes 
of a sample. These temperatures need to be precisely measured and, as 
thermoelectric materials establish an electrical potential when subject to 
temperature differentials, so does the voltage. Thermal expansion of the sample and 
probes during measurement needs to be taken into account in the mechanical setup 
of the apparatus, to ensure good thermal and electrical contact throughout the whole 
temperature range. The electrical resistance can be obtained using the same setup 
by passing a known electrical current through the sample and measuring the voltage 
differential generated with known sample dimensions and inter-probe distance. 
Thus, the majority of commercially available Seebeck coefficient and electrical 
resistivity systems offer the possibility of measuring these two properties 
simultaneously. For this work, a Linseis LSR-3 Seebeck Coefficient and Electrical 
Resistivity system was used in which the Seebeck coefficient was measured using 
the slope method for each temperature point in a quasi-steady-state mode. The 
uncertainty associated with the measurement of the Seebeck coefficient and the 
electrical resistivity for this work is of at least 5 % at room temperature and 10 % at 
500 K, respectively [154]. The combined uncertainty associated with the figure-of-
merit zT is of ~20 % [154]. 





The Seebeck coefficient and electrical resistivity measurements were 
conducted on parallelepiped-shaped samples under He atmosphere after flushing2 
three times, at an underpressure of ~ 0.5 bar to avoid overpressurization of the 
chamber at high temperature. The samples were positioned between two Pt 
electrodes that mechanically supported the sample and allowed the current to pass 
through. The probes used were Pt/Pt + 10% Rh (S-type) beaded wire thermocouples 
which were used to measure the temperature and voltage differential. These were 
positioned in direct contact with the sample, under pressure applied by a spring, 
ensuring good electrical and thermal contact during thermal expansion at high 
temperature (Figure 3.8a). The temperature inside the sealed chamber was 
controlled by an infrared furnace, while the electrode/sample/probe set was 
protected by a metallic radiation shield, and the temperature gradient was created 
by a resistance heater embedded in one of the Pt electrodes. The temperature 
gradients applied using this method ranged between 1 and 10 K, perpendicular to 
the sample sintering direction. The electrical resistance was measured by passing a 
constant current of 100 mA and measuring the resulting voltage drop using the 
thermocouple wires as voltage probes. The electrical resistivity was then calculated 
using the measured resistance and the dimensions of the sample. 
 
2 Evacuation of the chamber was accomplished through the use of a rotary pump down to ~10-3 mbar, 
and refilling it with He up to atmospheric pressure, repeated three times.  





Figure 3.8 a) Schematic diagram of the Seebeck coefficient and electrical resistivity 
apparatus used in this work. A, B, C and D indicate the four wires of the two 
thermocouple probes. The equations summarize how the voltage readings from 
these probes can be used. b) Example of deriving one data point of the slope method 
for accurately measuring the Seebeck coefficient. 
 
Slope method  
This method for calculating the Seebeck coefficient is based on the application 
of different temperature differentials between two regions on the extremities of the 
sample and measuring the corresponding generated voltage. The slope method 
(Figure 3.8b) is used as an alternative to the single-point method, which uses the 
average value of several voltage measurements when a single temperature 
differential is established. This method corrects for constant offset voltages during 
measurement, such as the ones generated by variabilities in the thermocouple wires, 
the cold-finger effect, and reactions between the probes and the sample. The single-
point method, however, carries these effects into the value of the Seebeck coefficient, 
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resulting in an inaccurate measurement. Thermal offsets are not corrected by either 
of the described methods for calculating the Seebeck coefficient. [11,154] 
The slope method was not directly available in the commercial apparatus that 
was used and had to be adapted and optimized for use during this doctoral research 
work.  
The Linseis LSR-3 Seebeck Coefficient and Electrical Resistivity measurement 
system uses the single-point method to determine the Seebeck coefficient of a 
sample. This method uses the average value of several voltage measurements when 
a single temperature differential is established within the sample, and the ratio of 
these two values is referred to as the relative Seebeck coefficient (RSC). The real or 
absolute Seebeck coefficient (ASC) is calculated by taking into account the ASC of the 
thermocouple probes and adding it to the obtained RSC: 𝐴𝑆𝐶𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑅𝑆𝐶𝑠𝑎𝑚𝑝𝑙𝑒 +
𝐴𝑆𝐶𝑝𝑟𝑜𝑏𝑒𝑠. The value of ASCprobes is available in the form of a table of temperatures 
and respective Seebeck coefficients for the probe; temperatures not present are 
interpolated or extrapolated. This method has several issues related to voltage 
offsets due to temperature differences between different materials forming 
electrical connections within the measurement system, aging of the thermocouples, 
or reactions between the probes, leading to the degradation of the 
thermocouples [155,156]. Furthermore, the thermocouple probes are metallic and 
therefore thermally conductive, drawing heat from the samples. The slope method 
corrects for most of these issues. This is because, by measuring the voltage between 
probes as a function of different applied temperature differentials, most of the 
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above-mentioned probe-related errors are eliminated, and the obtained Seebeck 
coefficient is solely from the tested sample [157,158]. 
Figure 3.9 shows the same raw data at two different average temperatures 
obtained from the measurement of an intrinsic Bi2Te3 sample. Four voltage 
measurements were obtained at each of the five discrete applied temperature 
gradients, at a constant ambient temperature (steady-state measurement), which 
are represented as points grouped by the same color on all the plots. The Linseis 
LSR-3 equipment used in this doctoral thesis uses only a single value for the 
temperature differential when determining the RSC, which is indicated in green in 
Figure 3.9, due to the smaller influence of voltage offsets at higher applied 
gradients [159], as can be seen in plots (a) and (b). At lower applied temperature 
gradients (black and red circles in Figure 3.9a), the variance in the voltage readings 
is very high, confirming the previous statement.  
The slope method (Figure 3.9c and Figure 3.9d) uses the various voltage 
measurements obtained at different ΔT to calculate the Seebeck coefficient using 
𝑆 = ∆𝑉/∆𝑇, with similar accuracy independent of the temperature, as it does not 
include the influence of voltage offsets other than the Seebeck coefficient of the 
sample being tested. The coefficient of determination, R2, of the linear regressions at 
both temperatures is very close to unity indicating an excellent fit of the 
experimental data to the model, demonstrating the quality of the 
measurement [159]. 
 




Figure 3.9 Comparison between the single-point (a, b) and slope (c, d) methods for 
determining the Seebeck coefficient from the same raw data, at two different 
temperatures, for a sample of intrinsic Bi2Te3. For each set at a given temperature, 
five different applied temperature gradients were applied through the differential 
heater, and measurements were taken four times. 
 
Hall effect characterization 
The electrical characterization of the thermoelectric materials developed 
during this doctoral research work was finalized by obtaining the Hall coefficient 
(RH) and charge carrier concentration (n – electrons; p – holes). These characteristics 
are obtained through Hall Effect measurements, which consist of subjecting a 
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parallelepiped-shaped sample to an electrical current (I) and a magnetic field (B) 
perpendicular to the direction of I, while measuring the resulting transverse voltage 
(Figure 3.10a). During these measurements, a charge carrier – as per the example in 
Figure 3.10, an electron – experiences an electric field (E) and forms part of the 
resulting electrical current travelling through the conductor at velocity, v. The 
magnetic field applied perpendicularly to the velocity vector induces a force (F), 
known as the Lorentz force, that acts on the charge carriers, deflecting their path. 
Electrons and holes experience the same force in opposite directions, effectively 
separating these charges between the semiconductor faces perpendicular to the 
direction of the current (Figure 3.10b). The voltage potential generated in these faces 
can be measured and is known as Hall voltage (VH). By controlling the applied 
electrical current and magnetic field, and knowing the thickness of the sample – i.e. 
the dimensions of the cross-section perpendicular to the Hall voltage –, it is possible 















Where t is the thickness of the sample, e the electron charge, µ the charge 
carrier mobility (the indexes h and e refer to holes and electrons, respectively), n the 
electron concentration and p the hole concentration.  
When semiconductors are heavily doped (degenerate), the relation of Hall 
coefficient with charge carrier concentration and mobility can be simplified: 




𝑛 ≫ 𝑝:  𝑅𝐻 = −
1
𝑛𝑒
= 𝜇𝑛𝜌𝐻 (3.4) 
 





where ρH is the Hall resistivity3.  
These equations are critical to obtain the concentration and mobility of 
charge carriers in highly-doped semiconductors and, therefore, commonly used in 
the characterization of these materials. As most samples analyzed in this thesis are 
non-degenerate, Equations 3.4 and 3.5 are not applicable throughout the whole 
temperature range and the relation between charge carrier density and temperature 
cannot be easily interpreted. Under certain conditions  [20,83], further analysis can 
be conducted, however, this is not trivial and goes beyond the scope of this work. 
However, at very low temperature (typically below 100 K), the available thermal 
energy is not sufficient to excite charge carriers in the valence band, while loosely-
bound charges provided by the dopant atoms are more easily excited to the 
conduction band and, therefore, available for conduction. Consequently, Equations 
3.4 and 3.5 can be used to estimate the charge carrier density of non-degenerate 
semiconductors at very low temperatures. 
In highly-doped semiconductors, the temperature dependence of RH can be 
used to determine the nature of the charge carriers present, the existence of 
subbands within the valence and conduction bands, and their contribution to the 
electronic properties, scattering modes, etc [20]. According to Equations 3.4 and 3.5, 
 
3 The Hall resistivity, ρH, is defined as the electrical resistivity obtained perpendicularly to 
the direction of the current; therefore, it represents the electrical resistivity normal to the linear 
resistivity commonly used to describe a conductor’s ability to conduct electricity.  
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RH can then be used to determine the charge carrier concentration and, if the linear 
electrical resistivity is known, the charge carrier mobility.  
 
 
Figure 3.10 Schematic diagram of the Hall effect.  
 
For this doctoral work, the Hall effect measurements were performed using a 
Quantum Design Physical Property Measurement System (PPMS), at temperatures 
between 5 and 400 K, using the direct current resistivity option. Rearranging 










Therefore, the Hall coefficient can be obtained by calculating the slope of the 
Hall resistivity as a function of applied magnetic field (Figure 3.11). The applied 
magnetic field for all the samples tested during this work was -20000 to 20000 Oe 
CHAPTER 3 – Experimental methods and characterization techniques 
92 
 
(- 2 to 2 T), in order to generate a measurable VH signal due to a strong Lorentz force 
separating the charges. 
 
 
Figure 3.11 Hall resistivity dependence on the magnetic field at different 
temperatures. A linear relationship is observed between ρH and B (Equation (3.6), 
and therefore, the slope can be used to determine RH. 
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CHAPTER 4 – Thermoelectric 
performance of n-type Mg2Ge 
  




The first finding from the elaboration of the literature review on magnesium-
based thermoelectric materials was the lack of studies on the interaction between 
the binary Mg2X (X = Si, Ge, Sn) compounds and the more commonly used n-type 
dopants such as Bi.  Several authors focused on systematically alloying Mg2Si in 
efforts to decrease the lattice thermal conductivity and exploit the increasing power 
factor through band convergence, leading to important advances towards higher zT 
materials. Phase stability at high temperature is rarely addressed, raising concerns 
in regard to the validity of reports on high zT solid solutions. These observations led 
to the study presented in this chapter: on the interaction between Mg2Ge – a common 
alloy used in high zT magnesium-based thermoelectric materials – and the widely 
used n-type dopant Bi. 
 
4.2 Summary 
Magnesium-based thermoelectric materials (Mg2X, X = Si, Ge, Sn) have 
received considerable attention due to their availability, low toxicity, and reasonably 
good thermoelectric performance. The synthesis of these materials with high purity 
is challenging, however, due to the reactive nature and high vapour pressure of 
magnesium. In the current study, high purity single phase n-type Mg2Ge has been 
fabricated through a one-step reaction of MgH2 and elemental Ge, using spark plasma 
sintering (SPS) to reduce the formation of magnesium oxides due to the liberation of 
hydrogen. 
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We have found that Bi has a very limited solubility in Mg2Ge and results in the 
precipitation of Mg2Bi3. Bismuth doping increases the electrical conductivity of 
Mg2Ge up to its solubility limit, beyond which the variation is minimal. The main 
improvement in the thermoelectric performance is originated from the significant 
phonon scattering achieved by the Mg2Bi3 precipitates located mainly at grain 
boundaries. This reduces the lattice thermal conductivity by ~ 50% and increases 
the maximum zT for n-type Mg2Ge to 0.32, compared to previously reported 
maximum value of 0.2 for Sb-doped Mg2Ge. 
 
4.3 Introduction 
Over the last two decades, the search for high performance thermoelectric 
(TE) materials has been renewed due to increased awareness of energy losses, 
particularly as waste heat, and their negative contribution to general energy 
efficiency [107,160]. Solid state thermoelectric generators have recently been 
adopted for large-scale applications such as the automotive [5] and metal processing 
industries [7]. Nevertheless, the main hindrances to the worldwide implementation 
of TE generators are still their high cost and low conversion efficiencies. The 
efficiency of thermoelectric materials is defined by the figure-of-merit, zT, where 
𝑧T = 𝑆2𝜎𝑇/𝜅𝑡𝑜𝑡 , S is the Seebeck coefficient, σ the electrical conductivity, T the 
absolute temperature, and κtot the total thermal conductivity. Improving zT while 
reducing the cost is currently the main aim of the research on thermoelectric 
materials and devices. Higher zT can be achieved by improving the power factor, 
𝑃𝐹 =  𝑆2𝜎, and by reducing the total thermal conductivity, 𝜅𝑡𝑜𝑡 = 𝜅𝑙𝑎𝑡 + 𝜅𝑒𝑙 where 
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κlat and κe are the lattice and electrical components of the thermal conductivity, 
respectively. 
Mg2X compounds (X = Si, Ge, Sn) and their alloys are promising 
thermoelectric materials due to their low toxicity and good n-type thermoelectric 
performance [46,65]. These semiconductor materials are face-centred cubic CaF2 
(Fm3m space group) with similar electronic band structures [53] characterized by a 
split conduction band [51]. Amongst the binary compounds, n-type Mg2Si [73,161] 
and Mg2Sn [162] have been studied more intensely and reported as having higher 
thermoelectric performance than Mg2Ge [30]. Following the high zT of 1.1 reported 
for the pseudo-binary Mg2Si-Mg2Sn system [51], originating from mass-difference 
phonon scattering and conduction band convergence [51], considerable efforts have 
been devoted to fabricating and characterising complex ternary [70,107,163] and 
quaternary [34,78,107] compounds. Whereas, binary Mg2Ge has received very 
limited attention, with only two experimental reports on n-type Sb-doped 
samples [30,102] and a single report on p-type Ag-doped Mg2Ge thin films [164]. 
Here, we report the fabrication of Bi-doped Mg2Ge samples (Mg2Ge1-xBix, x = 
0, 0.005, 0.010, 0.020, 0.030) as an alternative to Sb-doped Mg2Ge, via one-step spark 
plasma sintering of elemental Ge and Bi with MgH2. This method was previously used 
to avoid the long, high temperature traditional methods in the synthesis of 
Mg2Si [114], with the objective of reducing the volatilization and oxidation of Mg. 
The electronic transport properties are compared with those of an Sb-doped sample 
and previous reports on Sb-doped Mg2Ge samples fabricated by melting techniques 
followed by hot-pressing [30,102]. A maximum zT of 0.32 at 750 K for Mg2Ge0.97Bi0.03 
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was obtained, which was higher than the previously reported zT value of 0.2 for Sb-
doped Mg2Ge [30]. This was achieved due to the lower thermal conductivity of this 
compound, originating from the bismuth-rich precipitates formed at the grain 
boundaries and embedded within the matrix. These results, however, suggest that 
there is very low solubility of Bi in Mg2Ge which limits its utility as an effective 
dopant. 
 
4.4 Methods and experimental details 
Magnesium hydride (Sigma-Aldrich, hydrogen storage grade), germanium 
(Alfa Aesar, 99.999%) and bismuth (Alfa Aesar, 99.999%) were mixed to obtain 
Mg2Ge1-xBix (x = 0, 0.005, 0.010, 0.020, 0.030) and Mg2Ge0.98Sb0.02, with extra 10 at. % 
of MgH2 added in order to compensate for the Mg loss during synthesis, believed to 
occur mainly due to the very high current density and, consequently, very high 
localized temperature involved in the SPS process, which might result in the 
evaporation of Mg. The powder mixture was ball-milled in argon filled tungsten 
carbide vials with a ball-to-powder mass ratio of 33:1 using a Fritch Pulverisette 7 
premium line planetary ball mill. The powders were then loaded into a graphite die 
with a 12 mm inner diameter and sintered into discs approximately 2 mm thick using 
spark plasma sintering (SPS) in vacuum. The SPS procedure consisted of heating the 
powder to 623 K in 15 min at 50 MPa and maintaining that temperature for 20 
minutes to ensure full decomposition of the MgH2. The temperature was then 
increased to 823 K in 5 minutes, followed by sintering for 30 minutes. All sintered 
samples were annealed in vacuum-sealed quartz tubes for 72 h at 723 K.  
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The crystal structure of samples was analysed with a GBC Scientific X-ray 
diffractometer (XRD) with Cu Kα radiation (λ = 1.544 Å, 40 kV, 25 mA). The lattice 
parameters of Mg2Ge1-xBix were obtained by Rietveld refinement of the XRD patterns. 
The microstructure and phase composition analysis were performed by scanning 
electron microscopy (SEM), with a JEOL 7001F SEM equipped with energy dispersive 
spectroscopy (EDS) at 15 kV and Oxford Instruments X-Maxn 80 mm2 SSD detector 
and processed using the AzTec analytical software suite. The total thermal 
conductivity (κtot) was calculated from 𝜅𝑡𝑜𝑡 = 𝑑 ∙ 𝐷 ∙ 𝐶𝑝 . The density (d) was 
calculated using the measured weight and dimensions, and the heat capacity (Cp) 
used was 0.6 J/g∙K, which was obtained from the literature [60,165,166]. The laser 
flash method (LFA) was used to measure the thermal diffusivity (D) using a Linseis 
LFA-1000, along the thickness of the disc-shaped samples. These were cut into 
parallelepiped-shaped samples where the Seebeck coefficient (S) and the electrical 
conductivity (σ) were measured with a Linseis LSR-3 Seebeck coefficient and electric 
resistivity measurement equipment using the slope method in quasi-steady-state 
mode with temperature differences of 1 to 10 K between the probes, perpendicular 
to the sintering direction. Samples with low electrical conductivity were measured 
in an ad-hoc apparatus using the Van der Pauw technique for determining their room 
temperature electrical conductivity and Seebeck coefficient.  
 
4.5 Results and discussion 
Powder X-ray diffraction patterns of the Mg2Ge1-xBix (x = 0, 0.005, 0.010, 0.020, 
0.030) samples sintered by SPS show all samples were single-phase with the major 
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reflections corresponding to the cubic CaF2 structure (space group Fm-3m) of Mg2Ge 
(Figure 4.1). A small peak corresponding to MgO (2θ = 42.97°) was detected in all 
samples while Mg3Bi2 was only detected in the sample with x = 0.020 at 2θ ≈ 25°. 
Although the formation of Mg3Bi2 was previously reported in Bi-doped Mg2Si1-
xGex [121] and Bi-doped Mg2Sn [162], the solubility limit of Bi in the Mg-based group 
IV intermetallics is still unknown. The introduction of Bi significantly increased the 
lattice parameter up to x = 0.005 (0.17 at. %) (as shown in Figure 4.2), after which it 
remains constant, indicating that the Bi solubility limit has been reached in Mg2Ge in 
all samples. Figure 4.2 shows a detailed view around 2θ = 72.55° of the Mg2Ge1-xBix 
powder XRD patterns, where the shift to lower angles in sample x = 0.005 is visible. 
Additional Bi doping does not lead to further shift in the pattern, as shown in the 
inset of Figure 4.2. This result suggests that the Bi solubility in Mg2Ge was reached 
and added Bi above 0.17 at. % was not substituting Ge in the matrix and straining 
the crystal lattice. 
 




Figure 4.1 Powder XRD patterns of Mg2Ge1-xBix samples. 
 





Figure 4.2 Lattice parameters of Mg2Ge1-xBix samples obtained by Rietveld 
refinement. Note that the lattice parameters do not change upon greater Bi addition 
beyond 0.17 at. % (x = 0.005). A detailed view of the powder XRD patterns of Mg2Ge1-
xBix around 2θ = 72.55° is presented as an inset, showing the peak shift to lower 
angles due to the increased lattice parameter. 
 
Temperature dependence of the Seebeck coefficient up to 825 K for all doped 
samples show that the absolute Seebeck coefficient increases with temperature up 
to approximately 630 K (Figure 4.3a). After this, it decreases due to the bipolar effect, 
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where the minority charge carriers contribute to the conduction due to thermal 
excitation, enough to bridge the band gap. The observation of this effect was likely 
due to a low charge carrier concentration and the narrow band-gap at these 
temperatures. The undoped (x = 0) sample could not be measured due to its high 
electrical resistivity, and was only measured at room temperature using an ad-hoc 
apparatus (Figure 4.4). 
 
 
Figure 4.3 Seebeck coefficient as a function of temperature of all Mg2Ge1-xBix 
samples. 
 
The energy band gap, Eg, of Mg2Ge at 0 K was reported to be 0.74 eV and to 
decrease rapidly at a rate of -8×10-4 eV with temperature [47]. This results in an 
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energy gap in Mg2Ge equal to 0.26 eV at 630 K. Estimating the band-gap energy using 
𝐸𝑔 =  2𝑒|𝑆𝑚𝑎𝑥|𝑇𝑚𝑎𝑥  [167], where e is the elementary charge, Smax the maximum 
Seebeck coefficient, and Tmax the temperature at which Smax is achieved, results in a 
band gap of 0.37 ± 0.07 eV at 650 K for the sample with a Bi doping concentration of 
x = 0.005. Regardless of the precision of these estimates, both methods indicate a 
narrow energy gap. The energy gap enables the Seebeck coefficient to increase in 
absolute value up to the temperature where the energy difference is small enough to 
be crossed by thermally excited minority charge carriers. The room temperature 
Seebeck coefficient decreases with added Bi up to x = 0.010, after which it remains 
roughly constant (Figure 4.4).  
 
 
Figure 4.4 Room temperature absolute value of the Seebeck coefficient as a function 
of added Bi 




The temperature dependence of the electrical conductivity and power factor 
of the doped Mg2Ge samples are shown in Figure 4.5 and Figure 4.6, respectively. All 
the samples show an increase in the electrical conductivity with temperature, which 
is a typical behavior of non-degenerate semiconductors [83]. The plateau region of 
the electrical conductivity at temperatures above 600 K is another indication of the 
bipolar effect. At high temperature, Bi doping increases the electrical conductivity of 
the samples up to x = 0.010, while further increase of the dopant results in no 
significant difference. The electrical conductivity of the undoped sample (x = 0) was 
found to be 𝜎 =  50.13  Ω- 1m-1, several orders of magnitude lower than for the doped 
samples and is, therefore, not shown in the relevant figures. 




Figure 4.5 Temperature dependence of the electrical conductivity of Mg2Ge1-xBix 
samples. 
 
Figure 4.6 Temperature dependence of the power factor of Mg2Ge1-xBix samples. 




Electron microscopy of the samples revealed the presence of high atomic 
number precipitates, mostly at the grain boundaries in all doped samples, as shown 
for the x = 0.005 and x = 0.020 samples in Figure 4.7. Energy dispersive spectroscopy 
(EDS) analysis of the precipitates and the matrix confirms that the matrix is 
composed of Mg and Ge, and that the precipitates are composed of Bi and Mg. No Ge 
was detected in the precipitates, indicating that the observed precipitates were 
formed by the reaction of Bi and Mg. The Mg3Bi2 phase can be detected in the XRD 
pattern of the doped sample with x = 0.020 where the concentration of this 
secondary phase was high enough to overcome the detection limit of the XRD 
technique. Although this phase was undetected by XRD analysis in sample x = 0.030, 
one can assume a higher concentration of Mg2Bi3 precipitates at higher 
concentration of added Bi. The larger number of precipitates in this sample results 
in higher electron-scattering at grain boundaries and defects, which can have a 
significant impact on the carrier mobility, lowering it [9]. These results suggest very 
limited solubility of Bi in Mg2Ge (lower than 0.17 at. %), below the concentration 
required to contribute significantly towards the charge carrier concentration.  
 




Figure 4.7 Backscattered electron micrographs of Mg2Ge1-xBix samples for (a) 
x = 0.005, (b) x = 0.020. The interaction volume between the beam and the sample is 
taken into account, leading to the use of low acceleration voltages in order to 
distinguish the elements in the precipitates from the surrounding areas. 
 
The sum of the lattice (κlat) and bipolar (κb) thermal conductivity of samples 
is calculated by subtracting the electronic thermal conductivity (κe) from the total 
thermal conductivityκtot  (κtot, 𝜅𝑡𝑜𝑡 = 𝜅𝑙𝑎𝑡 + 𝜅𝑒 + 𝜅𝑏 ) using the Wiedemann-Franz 
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relation, 𝜅𝑒 =  𝐿0𝑇/𝜌 (where L is the Lorenz number and ρ the electrical resistivity). 
The Lorenz number used is the theoretical limit for degenerate semiconductors of 
2.45×10-8 V2K-2 [10], as the approximation for non-degenerate semiconductor has a 
negligible impact in the calculation of κlat + κb of lightly doped samples [168], 
calculated to be below 4% at maximum temperature for the current study samples: 
 




where L is in 10-8 WΩK-2 and S in µV/K.  
Figure 4.8 plots κlat + κb as a function of inverse temperature showing a slight 
deviation of the thermal conductivity from the linear regression, revealing a minor 
contribution of the bipolar component at high temperatures (low values of 
1000/T) [15]. Figure 4.9 plots the electrical component of the thermal conductivity 
as a function of temperature, showing the comparatively smaller influence of κe to 
κtot. 
 




Figure 4.8 Inverse temperature dependence of the sum of the lattice and bipolar 
components of the thermal conductivity. 
 
Figure 4.9 Temperature dependence of the electrical component of the thermal 
conductivity. 




The total thermal conductivity (κtot) of the Mg2Ge1-xBix samples decreases 
continuously with temperature with the exception of the intrinsic (x = 0) sample, 
which shows a slight upturn at ~ 700 K due to the bipolar effect; this effect is not 
visible in the Bi-doped samples (Figure 4.10). Increased concentration of Bi dopant 
led to a decrease in the κtot of all the samples. The sample with x = 0.005 shows 
reduced thermal conductivity, which can be explained by its relative density being 
much lower (86%) than those of the other samples (97%). The increased porosity in 
this sample results in lower thermal conductivity. No significant difference between 
the total thermal conductivity and its lattice component was observed in the Bi-
doped Mg2Ge samples (Figure 4.10), resulting in a low electronic thermal 
conductivity (Figure 4.9). This explains the suppressed influence of the bipolar effect 
on the κtot of these samples, while it is clearly observed in the Seebeck coefficient and 
electrical conductivity of all the samples, as shown in Figure 4.3 and Figure 4.5. All 
doped samples show a decrease in the total thermal conductivity in relation to the 
intrinsic one, which suggests that Bi increases the phonon scattering by mass-
difference point defect impurity scattering up to the solubility limit of Bi in Mg2Ge. 
More notably, Bi addition also contributes to the reduction of thermal conductivity 
through phonon scattering by precipitates, particularly at concentrations higher 
than x = 0.005. 
 




Figure 4.10 Temperature dependence of the total thermal conductivity of the 
Mg2Ge1-xBix (x = 0.005, 0.010, 0.020, 0.030) samples. Sample x = 0.005 exhibited a 
relative mass density of 86%, much lower than the 97% of all other samples, leading 
to a reduced κtot. The temperature dependence of the sum of the lattice and bipolar 
contributions to the thermal conductivity are included as an inset.  
 
The maximum zT of 0.32 was obtained for the sample with x = 0.030 at 750 K 
(Figure 4.11). The improvement in efficiency for the samples with a higher Bi content, 
x = 0.020 and 0.030, was obtained mostly due to the achievement of lower thermal 
conductivity. This results in maximum zT value of ~ 0.3, higher than the maximum 
reported figure-of-merit of ~ 0.2 for Sb-doped Mg2Ge [30]. 
 




Figure 4.11 Temperature dependence of the figure-of-merit, zT, of the Mg2Ge1-xBix 
(x = 0.005, 0.010, 0.020, 0.030) samples.  
 
Bismuth, on par with antimony, is a common n-type dopant of group IV 
elements, contributing to the charge carrier density with one electron per 
substitution [57,87]. Understanding the effects of Bi-doping on promising 
thermoelectric Mg2X (X = Si, Ge, Sn) compounds is therefore of great importance and 
interest. Excess Bi was observed to segregate at the grain boundaries of Mg2Si [73] 
at concentrations above 0.7 at. %, considerably higher than the concentration of 0.17 
at. % determined in the current study for Mg2Ge. The substitution of Ge by Sb should 
also lead to an increase in charge carrier concentration, decreasing the electrical 
resistivity, and also decreasing the lattice thermal conductivity due to phonon 
scattering on point defects [102]. These characteristics were confirmed 
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experimentally for n-type Sb-doped Mg2Ge synthesized by a melting technique [30] 
and solid-state synthesis [102]. There are no reports of Sb-rich secondary phases 
detected in Sb-doped Mg2Ge. The only stated drawback for Sb-doped Mg2X (X = Si, 
Ge, Sn) is its influence on the formation of Mg vacancies at higher concentrations, 
which act as holes [30,100,102]. 
In order to understand the differences between the Bi-doped samples of the 
current study and previous reports of Sb-doped Mg2Ge [30,102], a Sb-doped sample 
was fabricated using the one-step synthesis. The electronic transport properties of 
this sample have been compared with those of the Bi-doped samples and previous 
reports [30,102]. Both Sb and Bi are expected to contribute with one electron per Ge 
atom substitution, and thus, both samples were doped with the same concentration 
of 0.67 at. % dopant (Mg2Ge0.98X0.02, X = Bi, Sb). The structure and morphology of 
these samples are compared in Figure 4.12 by backscattered electron microscopy 
(BSE) SEM. The Sb-doped sample shows no signs of Sb-rich precipitates. Both 
samples show high porosity at the grain boundaries, which is believed to originate 
from the presence of intergrain MgO. These oxide particles are removed during the 
mechanical polishing of samples for SEM characterization. Therefore, a Bi-doped 
sample was prepared for SEM analysis by ion-milling to eliminate the effect of 
mechanical polishing. The SEM-EDS analysis (Figure 4.12c) detects intergrain Bi-
rich phase, however. 
 




Figure 4.12 SEM/BSE micrographs of Mg2Ge0.98X0.02 samples: (a) X = Bi, (b) X = Sb, 
and (c) X = Bi ion-milled. 
 
Figure 4.13, Figure 4.14 and Figure 4.15 compare the thermoelectric 
properties of Bi- and Sb-doped Mg2Ge samples in this study with the previously 
reported Sb-doped Mg2Ge synthesized by a melting technique [30]. The Bi-doped 
sample exhibits a roughly constant Seebeck coefficient throughout the temperature 
range (Figure 4.13), typical behavior of a non-degenerate semiconductor, whereas 
the absolute value of the Seebeck coefficient of the Sb-doped sample increases with 
temperature, similar to the previous study [30]. Despite efforts to ensure only 
samples that exhibited reproducible Seebeck coefficient and electrical conductivity 
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results from one cooling/heating cycle to the next were presented in this study, this 
was not possible for the Sb-doped sample. All produced batches of this composition 
showed degradation during the heating on the first thermal cycle, as can be seen in 
Appendix C. The Seebeck coefficient and electrical resistivity data appears to show 
that this degradation occurs between 400 – 450 K. As it wasn’t possible to improve 
the stability of this sample, a thorough analysis above this temperature was also not 
possible. 
 
Figure 4.13 Temperature dependence of the Seebeck coefficient of Mg2Ge0.98X0.02 (X 
= Bi, Sb) samples and Mg2Ge0.98Sb0.02 [30]. 
 
The electrical conductivity of the Bi-doped sample increases with 
temperature, which is contrary to the negative trend for the Sb-doped one and 
typical behavior for a highly degenerate semiconductor (Figure 4.14). It must be 
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noted, however, the unusual trend shown by the Sb-sample which can be associated 
to sample degradation, as discussed before. Analysis of the data obtained above 
~450 K is, therefore, not relevant. Both samples exhibit similar room temperature 
electrical conductivities. The differences might have originated from the different 
synthesis methods, which may result in various intrinsic point defects. Due to the 
volatility of Mg, the various synthesis methods require different amounts of extra Mg 
to compensate for its loss during heating processes. This variation in stoichiometry 
plays a significant role in the charge carrier concentration, to a point where it 
supersedes the influence of the dopant [92] and consequently affects the transport 
properties of compounds. Nevertheless, these results indicate that Mg2Ge can be 
successfully doped with Sb, while Bi mostly forms precipitates with Mg, despite 
being theoretically postulated as a dopant equivalent to Sb. The increased phonon 
scattering effect introduced by the Bi-rich precipitates leads to a significantly lower 
thermal conductivity, as evidenced in Figure 4.15. 
 




Figure 4.14 Temperature dependence of  the electrical conductivity of Mg2Ge0.98X0.02 
(X = Bi, Sb) samples and Mg2Ge0.98Sb0.02 [30]. 




Figure 4.15 Temperature dependence of the total thermal conductivity of 
Mg2Ge0.98X0.02 (X = Bi, Sb) samples and Mg2Ge0.98Sb0.02 [30]. 
 
Table 4.1 compares the room temperature characteristics of n-type Mg2Ge 
samples reported in the literature [30,102] with the Bi and Sb-doped samples of this 
study. Even though all the samples are similarly doped, their thermoelectric 
properties vary by several orders of magnitude. This is even more significant 
between previous reports [30,102], even though the synthesis method is similar for 
both reports. The difference is attributed to the final Mg stoichiometry, which has a 
significant impact, mainly on the charge carrier concentration, which arises from the 
different amounts of excess Mg added during synthesis [30].  
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Table 4.1 Room temperature thermoelectric characteristics of Mg2Ge0.98X0.02 (X = Bi, 
Sb) samples in this study and reported in literature. 
 
4.6 Conclusions 
Synthesis of n-type Bi-doped Mg2Ge thermoelectric materials was performed 
for the first time by a one-step spark plasma sintering technique using MgH2 and 
elemental Ge. We have shown that there is very limited solubility of Bi in Mg2Ge, 
below 0.17 at. %, which results in the formation of a Mg2Bi3 secondary phase in the 
form of precipitates located mainly at the grain boundaries. This results in negligible 
improvement in the power factor of samples with added Bi due to a low doping 
efficiency by Bi in Mg2Ge and suppressed influence in the power factor due to a 
significantly lower electrical conductivity, despite the improved Seebeck coefficient, 
when compared with a report on Sb-doped Mg2Ge. The precipitates, however, 
enhanced the phonon-scattering and consequently led to a very significant reduction 
of the κlat and κtot, achieving a zT of 0.32 at 750 K, higher than previously reported 
maximum value of 0.2 for Sb-doped Mg2Ge. The same synthesis method produced 
precipitate-free Sb-doped Mg2Ge alloys.  
 
 Bi-doped Sb-doped Sb-doped [102] Sb-doped [30] 
σ (103 Ω-1m-1) 5.5 10.9 1.2 563.2 
S (µV/K) -215.6 -49.4 -309.7 -40.6 
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The work presented in the previous chapter showed a lower solubility of Bi 
in Mg2Ge than previously expected. A Bi-rich phase, thought to be Mg2Bi3, was found 
precipitating mostly at the grain boundaries of Mg2Ge even at low concentrations of 
Bi, reducing its efficiency as dopant and possibly leading to further 
stoichiometrically deficient magnesium. The formation of Mg2Bi3 precipitates, 
however, increased the phonon scattering within Mg2Ge, significantly decreasing the 
lattice thermal conductivity of this thermoelectric material. In the previous chapter, 
a one-step synthesis technique involving the direct reaction of Mg precursor MgH2 
with Ge, through spark plasma sintering, was used to synthesize the Bi-doped Mg2Ge 
samples. This synthesis method limits the time the reactants are maintained at high 
temperature and could have an impact on the formation of the stoichiometric 
compounds. In this chapter, the same compounds were synthesized using a solid-
state technique followed by annealing and sintering, in order to ascertain if the 
fabrication method has an influence on the solubility of Bi in Mg2Ge. 
  
5.2 Summary 
High performance, low cost, and low toxicity have been the main 
characteristics associated with magnesium-based thermoelectric materials. 
Nevertheless, the high volatility of magnesium creates challenges in the synthesis of 
these materials. In this work, n-type Mg2Ge is synthesised using a solid-state 
technique, fully characterized, and compared with Mg2Ge fabricated through 
different processes. We have found that Bi is an ineffective dopant in Mg2Ge and 
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precipitates into Mg2Bi3. Regardless of the technique used, the loss of Mg by 
evaporation and formation of precipitates in Bi-doped samples resulted in a low 
charge carrier concentration and, consequently, a low power factor. The precipitates 
significantly reduced the lattice thermal conductivity, however, leading to a zT of 0.4 
at 725 K, improving the previously reported figure-of-merit, zT, of 0.2 for Sb-doped 
Mg2Ge. This work highlights the impact of fabrication technique on the 
thermoelectric performance of Mg-based compounds.  
 
5.3 Introduction 
Magnesium-based thermoelectric materials have garnered considerable 
attention due to their promising performance, low cost, and environmental 
friendliness [46,71]. Mg2X (X = Si, Ge, Sn) compounds crystallize in the Fm3m space 
group, and they exhibit similar electronic band structures and a split conduction 
band. Recent studies have focused on the thermoelectric performance of n-type 
ternary [70,107,163] and quaternary [34,78,107] alloys of Mg2Si, Mg2Ge and Mg2Sn 
in various ratios to improve their conversion efficiency, defined by the figure-of-
merit, 𝑧T = 𝑆2𝑇/𝜌𝜅𝑡𝑜𝑡 , where S is the Seebeck coefficient, T the absolute 
temperature, ρ the electrical resistivity, and κtot the total thermal conductivity, 
through the convergence of conduction bands [51,60] and increased mass-
difference phonon scattering [67,102,169]. The binary compounds have received 
limited attention, however, due to their relatively low performances, especially 
Mg2Ge, with three reports on n-type bulk samples [30,102,103] and only one report 
on thin film p-type Mg2Ge [164]. It is of great interest to understand the transport 
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properties of these binary compounds and their interactions with the most common 
dopants to correctly design alloys with higher thermoelectric performance.  
The fabrication of Mg-based semiconductors encounters intrinsic challenges 
due to the high vapour pressure and high reactivity of magnesium with potential 
crucibles. A large number of fabrication methods have been employed to synthesize 
Mg-based thermoelectric materials, including low temperature ball milling [60,116], 
solid-state reaction [59,67]; one-step sintering by spark plasma sintering (SPS) 
using MgH2 as a precursor for Mg [103,114]; melting and casting using crucibles 
made of tantalum [121], alumina sealed with B2O3 [122], boron nitride [34], 
graphite [67], and molybdenum foil [79] to avoid the reaction of magnesium with 
quartz, where these are sealed under vacuum. Here, we have synthesized n-type 
Mg2Ge bulk samples by doping with Bi and Sb through solid-state reaction. The 
transport properties of these samples are compared with previous studies [30,102], 
including our recent report on n-type Mg2Ge samples, fabricated via one-step spark 
plasma sintering of elemental Ge and Bi/Sb with MgH2 [103]. A maximum zT of ~ 0.4 
at 725 K is achieved for Mg2Ge0.98Bi0.02 an improvement over the zT of 0.2 for Sb-
doped Mg2Ge [30] due to a significant decrease in the thermal conductivity, while 
obtaining a similar power factor. Our work underscores the impact that different 
synthesis techniques have on the properties of Mg-based thermoelectrics and the 
difficulty in comparing these materials when they are synthesized by different 
methods. 
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5.4 Materials and methods 
Magnesium turnings (Mg, Alfa Aesar, 99.98%), germanium powder (Ge, Alfa 
Aesar, 99.999%), bismuth powder (Bi, Alfa Aesar, 99.999%), and antimony shots (Sb, 
Alfa Aesar, 99.999%) were used to synthesize Mg2Ge1-xBix (x = 0.01, 0.02, 0.03) and 
Mg2Ge1-ySby (y = 0.02). Stoichiometric mixtures of elements were sealed in a boron-
nitride-coated vacuum-sealed quartz ampoule, with 50 wt.% extra Mg to 
compensate for losses during the synthesis processes. The required amount of extra 
magnesium was optimised to obtain a single-phase compound, i.e. free of unreacted 
Ge, as determined by X-ray diffraction (XRD) analysis. This approach was necessary 
in order to directly compare the impact of different synthesis techniques on the 
characteristics of Mg2Ge samples with added Bi and Sb. The mixtures were reacted 
at 1123 K for 30 minutes and annealed at 673 K for 10 hours. The product was hand-
ground to a fine powder in an agate mortar and pestle, and the resulting powders 
were sintered in a 12 mm graphite die using spark plasma sintering (SPS) at 1073 K 
and axial pressure of 50 MPa for one hour under vacuum. All material and powder 
handling and preparation were performed in a glove box under a positive-pressure 
argon atmosphere. 
The crystal structure and phase characterization were obtained with a MAC 
Science X-ray diffractometer with Cu Kα radiation (λ = 1.544 Å, 40 kV, 25 mA). The 
obtained powder XRD patterns were fitted using Rietveld refinement to estimate the 
lattice parameters of the synthesized samples. The microstructure and phase 
composition of the Mg2Ge1-xBix and Mg2Ge1-yBiy samples were analysed by scanning 
electron microscopy (SEM; JEOL 7001F SEM), with the SEM equipped with energy 
dispersive spectroscopy (EDS). The thermal diffusivity (D) was obtained using the 
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laser flash method with a Linseis LFA-1000 instrument and used to calculate the 
thermal conductivity (κ), from 𝜅 = 𝑑 ∙ 𝐷 ∙ 𝐶𝑝 . The density (d) was measured using 
dimensions and weight of the sample (all measured to be above 96% of the 
theoretical density) while the heat capacity (Cp) was obtained from the 
literature [60,165,166]. The Seebeck coefficient (S) and the electrical conductivity 
(σ) were obtained using the slope method in a quasi-steady-state mode of a Linseis 
LSR-3 instrument, with temperature differences between the probes of 2 to 10 K in 
parallelepiped-shaped samples. Hall effect measurements were performed using a 
Physical Property Measurement System (PPMS) from Quantum Design from 5 K to 
400 K.  
 
5.5 Results and discussion 
X-ray diffraction patterns of sintered Mg2Ge1-xBix (x = 0.01, 0.02, 0.03) and 
Mg2Ge1-ySby (y = 0.02) samples (Figure 5.1) can be indexed to the cubic CaF2 
structure (space group Fm-3m) of Mg2Ge. Small amounts of secondary phase Mg2Bi3 
were detected in Bi-doped samples with x = 0.02 and 0.03. The Figure 5.1 inset shows 
the increase in the lattice parameter of Mg2Ge with increasing dopant concentration, 
as larger atoms of Bi and Sb substitute Ge atoms [84]. The difference between the 
lattice parameters of samples with Bi content of x = 0.02 to 0.03 is insignificant, 
which is consistent with the detection of Mg2Bi3 in these samples, suggesting that Bi 
added beyond 0.67 at. % has formed precipitates. The observed solubility of Bi in 
Mg2Ge obtained in the current study using a solid-state synthesis technique is 
significantly higher than the 0.17 at. % in our previous report, based on the one-step 
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SPS synthesis of Mg2Ge [103]. The latter method comprises a single step at a lower 
temperature that relies on the rapid reaction of Ge and MgH2 upon hydrogen 
liberation, with an extremely short time for homogenization. The reaction of Mg with 
Bi also appears to have been preferred in the one-step SPS synthesis, reducing the 
amount of Bi available for doping. As the Mg2Bi3 precipitates were already formed, 
the subsequent annealing step had no effect beyond stabilization of the structure. In 
this work, the mixture was reacted in two stages at higher temperature for a 
prolonged time, with grinding and homogenization of the powder in the interval 
between the stages, allowing for better dissolution of Bi in Mg2Ge. Mg2Bi3 
precipitates still formed, however, albeit only at higher concentrations of Bi. 
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Figure 5.1 Room temperature XRD patterns of Mg2Ge1-xBix (x = 0.01, 0.02, 0.03) and 
Mg2Ge1-ySby (y = 0.02) samples. The inset shows the lattice parameter as function of 
dopant type and content, as obtained by Rietveld refinement. Trace amounts of 
Mg2Bi3 were detected in the Bi-doped samples with x = 0.02 and 0.03. 
 
The backscattered electron microscopy (BSE) images of both Bi and Sb doped 
samples at the same dopant concentration of x = 0.02 and y = 0.02 (0.67 at. %) 
confirmed the presence of precipitates with high atomic number at grain boundaries 
(particle size <1 µm), which are indicated by arrows in Figure 5.2a, for the Bi-doped 
sample. The Sb-doped sample appears to be free of precipitates (Figure 5.2b): small 
bright spots are visible on the grain boundaries of this sample, however, their 
dimension is smaller than the minimum interaction volume and EDS point analysis 
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Figure 5.2 BSD images images of Mg2Ge0.98X0.02: (a) X = Bi and (b) X = Sb. 
 
The EDS analysis (Figure 5.3) reveals that these precipitates are rich in Bi, 
confirming the presence of the Mg2Bi3 phase detected by XRD. We have also detected 
these precipitates in Bi-doped samples synthesized by a one-step SPS process [103]. 
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Figure 5.3 Representative EDS spectra of Mg2Bi3 precipitates and (d) Mg2Ge0.98X0.02 
(X = Bi and Sb). 
 
Temperature dependent Seebeck coefficient for Mg2Ge1-xBix (x = 0.01, 0.02, 
and 0.03) and Mg2Ge1-ySby (y = 0.02) samples is shown in Figure 5.4. All samples 
show a linear dependence of the Seebeck coefficient with temperature up to ~ 650 
K, where it reaches a plateau. Bi doping reduces the absolute S at room temperature 
from ~ 210 µV/K for x = 0.01 to 195 µV/K for x = 0.02 (Figure 5.5), after which it 
remains roughly constant, showing that further addition of Bi leads to an 
insignificant increase in the charge carrier concentration (Table 5.1), n, on which the 
position of the Fermi level and consequently the Seebeck coefficient is dependent. It 
should be noted that the charge carrier concentration was determined from data 
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obtained at temperatures below 50 K, at the temperature where only charge carriers 
from ionized donors are present in the conduction band. At these temperatures, only 
monopolar conduction occurs and Equations 3.4 and 3.5 can be used to compare 
samples. This result is consistent with the observation of Bi-rich precipitates formed 
at grain boundaries in the x = 0.02 sample. The Sb-doped sample exhibits a lower 
absolute S compared to the similarly Bi-doped samples, x = 0.02, and x = 0.03.  
 
 
Figure 5.4 Temperature dependence of the Seebeck coefficient of the Mg2Ge1-xBix (x 
= 0.01, 0.02, 0.03) and Mg2Ge1-ySby (y = 0.02) samples. 
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Figure 5.5 Absolute Seebeck coefficient at room temperature as a function of added 
dopant for samples Mg2Ge1-xBix (x = 0.01, 0.02, 0.03) and Mg2Ge1-ySby (y = 0.02). 
 
Table 5.1 Room temperature Seebeck coefficient (S), electrical resistivity (ρ), Hall 
coefficient (RH), and low temperature (T < 50 K) carrier concentration (n).  
Composition 
S ρ RH 
n 
 (T < 50 K) 
(μV/K) (mΩ cm) (cm3/C) (1018 cm3) 
Bi = 0.01 209.6 9.87 1.54 3.7 
Bi = 0.02 193.6 5.97 0.92 6.4 
Bi = 0.03 194.0 4.33 0.76 8.4 
Sb = 0.02 148.7 5.74 0.78 7.3 
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The measured charge carrier concentrations of these samples are very 
similar (Table 5.1), indicating comparable position of the Fermi level in relation to 
the bottom of the conduction band. According to Equation (2.2: 




. The carrier concentration values of samples doped with Bi 
and Sb are similar. In a purely qualitative analysis, one can presume that the 
difference in the Seebeck coefficient could arise from the differences in the effective 
mass, and that Sb and Bi have different effects on the electronic band structure of 
Mg2Ge, as the scattering mechanism is unlikely to change between dopants.  
The electrical resistivity and power factor for Mg2Ge1-xBix (x = 0.01, 0.02, and 
0.03) and Mg2Ge1-ySby (y = 0.02) samples are shown in Figure 5.6 and Figure 5.8. The 
ρ of all samples initially decreases with temperature, showing the typical behavior 
of intrinsic semiconductors, and exhibits metallic behavior at higher temperatures. 
The magnitude and temperature of this behavioral change decrease with the dopant 
concentration, as the thermal energy needed to promote carriers to the conduction 
band decreases with the charge carrier concentration [170].  
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Figure 5.6 Temperature dependence of the electrical resistivity of the Mg2Ge1-xBix (x 
= 0.01, 0.02, 0.03) and Mg2Ge1-ySby (y = 0.02). 
 
Figure 5.7 Temperature dependence of the power factor of the Mg2Ge1-xBix (x = 0.01, 
0.02, 0.03) and Mg2Ge1-ySby (y = 0.02). 
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This effect is only visible due to the relatively low charge carrier 
concentrations in the current study, even at x = 0.03, as displayed in Figure 5.8, 
where a small decrease in the Hall coefficient (RH) above ~ 200 K indicates the 
ionization of the remaining dopant atoms due to higher thermal energy. 
 
 
Figure 5.8 Temperature dependence of the Hall coefficient for Mg2Ge1-xBix (x = 0.01, 
0.02 and 0.03) and Mg2Ge1-ySby (y = 0.02) samples. 
 
The stoichiometry of Mg is known to have a significant effect on the electrical 
characteristics of Mg-based thermoelectric materials [92]. Each excess Mg atom 
occupies interstitial sites, contributing two electrons to the conduction band [92], 
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while each Mg atom vacancy either acts as a double hole donor [99,100] or as an 
electron trap localized within the band gap [81]. Regardless of the principle 
regulating Mg vacancies, Mg deficiency severely decreases the carrier concentration 
of n-type samples. This explains the much lower electron carrier concentration 
obtained in the current study, n ~ 1018 cm-3, compared to similarly Sb-doped 
Mg2Ge [30], which resulted in room temperature electrical resistivity of 0.195 mΩ 
cm and carrier concentration of 5.8 × 1020 cm-3 for Mg2.2Ge0.99Sb0.01 with excess Mg.  
The bipolar effect is observed at temperatures above ~ 650 K in the Seebeck 
coefficient plot (Figure 5.4), similar to our previous study [103]. This effect is not 
visible on the total thermal conductivity plot as a function of temperature (Figure 
5.10) due to its negligible bipolar component (κb)  [15] (Figure 5.9). 
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Figure 5.9 Lattice and bipolar thermal conductivity as a function of inverse 
temperature for Mg2Ge1-xBix (x = 0.01, 0.02 and 0.03) and Mg2Ge1-ySby (y = 0.02) 
samples. Deviation of the thermal conductivity from the linear regression indicates 
a significant bipolar thermal conductivity, particularly at high temperatures (low 
values of 1000/T), which is not observed in this case.  
 
The total (κtot) and the sum of lattice (κlat) and bipolar (κb) thermal 
conductivities of the samples are shown in Figure 5.10. The Wiedemann-Franz 
relation, 𝜅𝑒 = 𝐿𝑇/𝜌, is used to calculate the electronic thermal conductivity, where L 
is the Lorenz number and ρ the electrical resistivity. The Lorenz number used in the 
calculation of 𝜅𝑒  is the theoretical limit for degenerate semiconductors 2 × 10
−8 
V2K-2 [10]. The lattice and bipolar thermal conductivities are calculated by deducting 
the electronic contribution to the total thermal conductivity using 𝜅𝑡𝑜𝑡 = 𝜅𝑙𝑎𝑡 +
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  𝜅𝑒 + 𝜅𝑏  (Figure 5.10 inset). The lattice thermal conductivity dominates κtot in all 
samples, and it decreases with temperature and Bi dopant concentration. Even 
though the charge carrier density at temperatures below 50 K increased slightly with 
added dopant, the electronic component of the thermal conductivity is too small to 
significantly contribute to the total thermal conductivity.  
 
Figure 5.10 Temperature dependence of the total thermal conductivity (with the 
sum of the lattice and bipolar components as an inset) of Mg2Ge1-xBix and Mg2Ge1-
ySby.  
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Figure 5.11 Temperature dependence of the figure-of-merit, zT, of Mg2Ge1-xBix and 
Mg2Ge1-ySby. 
 
The total thermal conductivity of the samples produced in the current study 
is much lower than in a previous report on heavily-doped n-Mg2Ge [30] (Figure 5.12). 
Figure 5.13 shows that the lattice thermal conductivity in the previous report is 
similar to that of the Sb-doped sample in the current study, which is evidence of the 
significantly lower contribution of the electronic thermal conductivity, originating 
from the low carrier concentration of our samples. The lattice thermal conductivity 
of the Bi-doped samples is lower than for the Sb-doped one owing to increased 
phonon scattering by Mg2Bi3 precipitates and point defects. Moreover, the effect of 
the precipitates is visible in the significant decrease in the lattice thermal 
CHAPTER 5 – Effect of fabrication technique on the thermoelectric 
performance of Mg-based compounds – a case study of n-type Mg2Ge 
144 
 
conductivity with increased Bi concentration. The formation of Mg2Bi3 leads to 
further depression of the electron concentration by reducing the amount of available 
Bi, which acts as electron donor in Mg2Ge, and by leading to additional loss of Mg 
from the matrix. Furthermore, the low charge carrier concentration of the samples 
produced in this work makes κe practically negligible, representing only ~ 4% of κtot, 
while in highly-doped Mg2Ge [30], it accounts for ~ 50%.  
 
 
Figure 5.12 Temperature dependence of the total thermal conductivity of Mg2Ge1-
xBix (x = 0.01, 0.02, 0.03) and Mg2Ge1-ySby (y = 0.02) samples from this work 
compared with other report on n-Mg2Ge (§ is reference [103], ¥ is reference [30]). 
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Figure 5.13 Temperature dependence of the sum of the lattice and bipolar 
components of the thermal conductivity of Mg2Ge1-xBix (x = 0.01, 0.02, 0.03) and 
Mg2Ge1-ySby (y = 0.02) samples from this work compared with other report on n-
Mg2Ge (§ is reference [103], ¥ is reference [30]). 
 
Despite the significantly higher electrical resistivity obtained in a previous 
report [103] and in this work, when compared to heavily Sb-doped Mg2Ge [30], our 
samples exhibit a similar power factor (Figure 5.14). The final zT of our samples is 
therefore higher (Figure 5.15), owing to the reduced thermal conductivity (Figure 
5.10). These results suggest that studying the interaction of Bi with high zT Mg-based 
thermoelectrics alloyed with Ge might be of interest to improve our understanding 
of their high performance and perhaps guide further improvements. In order to take 
advantage of the impact of precipitates on the thermal conductivity while 
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Figure 5.14 Temperature dependence of the power factor of Mg2Ge1-xBix (x = 0.01, 
0.02, 0.03) and Mg2Ge1-ySby (y = 0.02) samples from this work compared with other 
report on n-Mg2Ge (§ is reference [103], ¥ is reference [30]). 
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Figure 5.15 Temperature dependence of the figure-of-merit, zT, of Mg2Ge1-xBix (x = 
0.01, 0.02, 0.03) and Mg2Ge1-ySby (y = 0.02) samples from this work compared with 
other report on n-Mg2Ge (§ is reference [103], ¥ is reference [30]). 
 
5.6 Conclusions 
n-type Mg2Ge bulk samples doped with Bi or Sb were synthesized via a solid-
state reaction and compared with previous reports on n-type Mg2Ge fabricated by 
different processes. Despite the attempt to compensate for the Mg loss in the current 
study, it is likely that the issues relating to the high temperature synthesis of Bi-
doped Mg2Ge, possibly leading to the loss of Mg. Furthermore, Bi reacted with Mg to 
form Mg2Bi3 precipitates resulting in a reduced doping of Mg2Ge by Bi and a severely 
depressed charge carrier concentration. This led to high electrical resistivity and a 
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high Seebeck coefficient, and low lattice thermal conductivity, while the electronic 
thermal conductivity was negligible. This resulted in a maximum zT of ~ 0.4 at 725 
K for Mg2Ge0.98Bi0.02. These results highlight the impact of the fabrication technique 
on the magnesium stoichiometry in Mg-based thermoelectric compounds and 
indicate that Bi is an unsuitable dopant for Mg2Ge.  
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In this chapter, the Hall effect was used as a tool to indirectly characterize the 
band structures of several thermoelectric materials as a function of dopant and 
alloying elements. One of the primary areas in the development of thermoelectric 
materials is band engineering, particularly the convergence of subbands in the 
conduction and valence bands [12,171]. When the distance – in energy – between 
subbands is small enough, the effective mass of the total density of states is increased, 
which leads to a significant increase in the Seebeck coefficient without any adverse 
impact on the charge mobility [171]. The movement of these bands can be analyzed 
through the temperature dependence of the Hall coefficient, calculated from the 
precise measurement of the potential generated perpendicularly to the passage of 
an electric current, when subject to a magnetic field. 
The majority of the samples studied in this chapter belong to thermoelectric 
materials’ systems other than magnesium-based one, which is a departure from the 
overall theme of this thesis. These short studies are the result of collaborations 
where the candidate had a significant role in the preparation and, in particular, the 
characterization of its samples. The main contribution of the candidate to these 
collaborations was on performing the Hall effect measurements and interpreting its 
results in the context of each system characteristics and thermoelectric parameters. 
As that analysis was used in the elaboration of other publications, the discussion 
present here focused mostly on the Hall effect characterization and on what can be 
extracted from it in the absence of other thermoelectric characteristics.  
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In this chapter, a study of the band structure of Mg2Ge doped with Bi – 
Mg2Ge1-xBix, x = 0.01, 0.02, 0.03 –  and Sb – Mg2Ge1-yBiy, y = 0.02 – is presented, 
followed by a study of Bi2Te3 alloyed with Bi2S3 – Bi2Te3-xSx, x = 0, 0.25, 0.50, 0.75, 
1.00 –, and three studies on PbTe-based compositions: the influence of Na doping on 
the movement of the light- and heavy-hole bands of (PbTe)0.55(PbSe)0.35(PbS)0.10 (Na 
= 0.01, 0.02, 0.03, 0.035) –, the effect of PbS alloying on (PbTe)0.65(PbSe)0.35 – 
(PbTe)0.65-x(PbSe)0.35(PbS)x, x = 0, 0.05, 0.10, 0.15, 0.20 –, and  the effect on the band 
structure of PbTe when alloyed with PbSe – (PbTe)1-x(PbSe)x , x = 0, 0.10, 0.35. 
  
CHAPTER 6 – Hall Effect measurement and electronic structure 
analysis of thermoelectric materials 
154 
 
6.2 Hall effect characterization of magnesium germanide 
6.2.1 Introduction 
The Hall effect characterization of magnesium germanide samples was 
discussed briefly in Chapter 5, relating to the study of the effects of fabrication 
techniques on the thermoelectric performance of n-type Mg2Ge. In this chapter, the 
results obtained from the Hall effect characterization of these samples are presented 
in more detail.  
 
6.2.2 Results and discussion 
The temperature dependence of the Hall coefficient of Mg2Ge doped with Bi 
(0.33, 0.67, and 1 at. %) and Sb (0.67 at. %) is shown in Figure 6.1 . The significant 
change in the RH indicates that the addition of dopant elements influences the 
electronic structure of these materials: there is a systematic decrease in the RH with 
increased addition of Bi. The sample doped with Sb shows a slightly lower RH in 
relation to the sample similarly doped with Bi, and at room temperature, it overlaps 
with the sample doped with 1 at. % Bi. These results hint that Sb might be a more 
suitable dopant in Mg2Ge, for the reasons already discussed in Chapter 5. It is 
unlikely that the accentuated decrease in RH above 200 K, particularly for the low-
doped sample (0.33 at. % Bi), is related to changes in the electronic structure, as 
these would have a smaller effect on RH at such low charge carrier densities. This 
sudden variation is therefore likely to be evidence of thermal excitation of electrons 
from the valence band to the conduction band.  
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Figure 6.1  Temperature dependence of the Hall coefficient for Mg2Ge1-xBix (x = 0.01, 
0.02, and 0.03) and Mg2Ge1-ySby (y = 0.02) samples. 
 
Figure 6.2 shows the charge carrier concentration of Mg2Ge as a function of 
temperature for samples doped with Bi and Sb, below 100 K. Below this temperature, 
the electron concentration is constant, as it is below the temperature at which any 
thermal effects on charge carriers can be observed and, therefore, a reasonable 
comparison between the differently-doped samples can be obtained, isolating the 
effect that each dopant has on Mg2Ge and the relationship between the amount of 
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added dopant and n. As expected, an increase in the charge carrier concentration is 
observed with increased added Bi.  
 
  
Figure 6.2 Electron concentration as a function of the temperature for Mg2Ge1-xBix 
(x = 0.01, 0.02, and 0.03) and Mg2Ge1-ySby (y = 0.02) samples, at temperatures below 
100 K. 
 
6.3 Hall effect of Bi2S3-Bi2Te3 compounds 
6.3.1 Introduction  
Bismuth telluride (Bi2Te3) alloys are the most efficient thermoelectric 
materials commonly used in commercial thermoelectric applications at room 
temperature, especially in refrigeration [172]. Bi2Te3 is one of the most heavily 
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studied thermoelectric materials as it exhibits exceptional thermoelectric properties 
at room temperature [173]. Due to low formation energies and naturally occurring 
antisite defects in these compounds, intrinsic Bi2Te3 and its alloys generally exhibit 
high charge carrier densities [174]. Stoichiometric Bi2Te3 is not easily obtained and 
is dependent on the synthesis method. Final compositions with excess Bi lead to p-
type conduction, as Bi atoms act as acceptors [66,175], while an excess in Te results 
in Bi2Te3 becoming an n-type semiconductor [175] (Figure 6.3).  
 
Figure 6.3 Detailed view of the Bi2Te3 region in the Bi-Te phase diagram. Small 
variations in the stoichiometry of intrinsic Bi2Te3 determine the semiconducting 
nature of these compounds [175]. 
Crystal structure 
Bi2Te3 and alloys such as Bi2Te3-xSx exhibit a rhombohedral crystal structure 
with space group 𝑅3̅𝑚. It is commonly described, however, as a hexagonal cell with 
three groups of layered atoms in the sequence Te(1)-Bi-Te(2)-Bi-Te(2), known as 
quintuple layers (Figure 6.4), and that alloyed S integrates the structure by 
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substitution at the Te sites [176]. These layers are bonded by van der Waals forces 
between Te atoms [177] and are stacked along the c-axis, giving rise to mechanical, 
thermal, and electronic anisotropy [175]. The zT of Bi2Te3 is, therefore, strongly 
dependent on the orientation: the Seebeck coefficient and thermal conductivity 
show weak anisotropy, however, and the electrical conductivity varies greatly 
between the c-axis and the a-b axis (Figure 6.4). 
 
 
Figure 6.4 Crystal structure and atomic positions of Bi2Te3.  
Electronic band structure 
The electronic band structures of Bi2S3, Bi2Te2S, and Bi2Te3 are presented in 
Figure 6.5. These compounds exhibit room temperature band gaps of 1.3 eV [14], 
0.29 eV [178], and 0.16 [175], respectively, but the nature of the transitions on these 
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semiconductors is not yet established, with reports of both direct and indirect 
transitions in Bi2Te3 [179] and direct transitions in Bi2Te2S [178], for example. The 
narrow band gap and high band degeneracy are considered to be the largest 
contributors to the naturally high zT of Bi2Te3 at low temperature [180,181]. 
 
 
Figure 6.5 Electronic band structures of (a) Bi2S3 (adapted from  [14]), (b) Bi2Te2S 
(adapted from [182]), and (c) Bi2Te3 (adapted from [173]). 
Increasing zT 
Optimization of the zT in Bi2Te3 is accomplished mainly through decreasing 
the lattice thermal conductivity, as in ternary Bi2Te3-xSbx and Bi2Te3-xSex [183]. The 
alloying of these elements with Bi2Te3 effectively leads to higher zT values, although 
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the way in which this is achieved is still not well understood: nanostructuring, solid 
solution effects, secondary phases or even band structure engineering – i.e. 
increased band gap, which is likely more significant when alloying Se than Sb – might 
all play a part in this optimization [184]. 
Recent studies have demonstrated higher thermoelectric performance in 
multi-phase alloys than in their single-phase compositions [185,186]. In this study, 
Bi2Te3-xSx (x = 0, 0.25, 0.50, 0.75, 1.00) samples were synthesized, with the goal of 
investigating the characteristics of single- (x = 0 and 1.00) and two-phase (x = 0.25, 
0.50, 0.75) compounds, according to the Bi2S3-Bi2Te3 pseudo-binary phase diagram 
(Figure 6.6). 
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Figure 6.6 Pseudo-binary phase diagram of Bi2S3-Bi2Te3 (adapted from). The 
colored circles indicate the compositions analyzed in this study: Bi2Te3-xSx, where 
x = 0, 0.25, 0.50, 0.75, 1.00. 
 
6.3.2 Results and discussion 
All samples characterized for this study were synthesized by direct melting 
and annealing of stoichiometric amounts of Bi, Te, and S in a vacuum-sealed quartz 
ampoule. The Bi2Te3-xSx ingot was then ground using a mortar and pestle, and loaded 
into a graphite die for sintering using SPS. 
X-ray diffraction patterns of undoped Bi2Te3-xSx (x = 0, 0.25, 0.50, 0.75, 1.00) 
are displayed in Figure 6.7. All samples exhibit a rhombohedral structure with an R-
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3m crystal structure, typical of tetradymites (Bi2Te2S). According to these results, 
the only single-phase composition is Bi2Te3; all the other prepared compositions 
exhibit reflections that can be attributed to Bi2Te3 and Bi2Te2S. The increase in added 
S has a clear impact on the phase ratio present in Figure 6.7, although the Bi2Te2S 
sample still exhibits traces of Bi2Te3 (Figure 6.8). Table 6.1 shows a rough 
quantification of the phase ratio made through Rietveld refinement, despite poor 
data statistics due to issues with the XRD detector at the time of the measurements. 
 
Table 6.1 Estimated ratio of the phases present in the Bi2Te3-xSx samples, obtained 
through Rietveld refinement. 
x Bi2Te3 Bi2Te2S 
0 100.0 ± 2.4  0.0 ± 0.0 
0.25 83.9 ± 2.5 16.1 ± 0.0 
0.50 57.8 ± 1.5 42.2 ± 1.0 
0.75 33.4 ± 1.8 66.6 ± 0.0 
1.00 15.2 ± 0.9 84.8 ± 2.2 
 
The Bi2S3-Bi2Te3 pseudo-binary phase diagram in Figure 6.6 indicates a 
solubility limit of S in Bi2Te3 of ~2.7 at. % (equivalent to x = ~0.135), above which 
the formation of Bi2Te2S is expected to occur. All the studied compositions – with the 
exception of x = 0 – were, therefore, expected to comprise both Bi2Te3 and Bi2Te2S 
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phases. This can be observed in detail in Figure 6.8 and in a more quantitatively 
through the estimated phase ratio of Bi2Te3/Bi2Te2S in Table 6.1, which confirm the 
presence of both phases in compositions with added S and, as it increases, the higher 
proportion of Bi2Te2S. 
 
 
Figure 6.7 Powder XRD patterns of ternary Bi2Te3-xSx (x = 0, 0.25, 0.50, 0.75, 1.00). 
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Figure 6.8 Detailed view of the XRD spectra of Bi2Te3-xSx showing a systematic 
decrease in intensity and shift to higher angles of the principal reflection of Bi2Te3 at 
2θ ≈ 27.7°. The reflection at 2θ ≈ 28.7° is the major reflection of Bi2Te2S, and it grows 
in intensity with increasing amounts of alloyed sulfur. 
Figure 6.9 shows a typical intrinsic semiconductor temperature dependence 
of the Hall coefficient of Bi2Te3-xSx (x = 0, 0.25, 0.50, 0.75 and 1.00) samples. The 
change in the Hall coefficient with increasing temperature, more evident for samples 
x = 0.50 and 0.75, is evidence of the thermal excitation of charge carriers from the 
impurity levels within the band gap. 
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Figure 6.9 Temperature dependence of the Hall coefficient in Bi2Te3-xSx (x = 0, 0.25, 
0.50, 0.75, and 1.00) samples.  
 
As mentioned before, all the samples prepared for this study are undoped. 
Bi2Te3 exhibits very high intrinsic charge carrier concentrations mainly due to the 
formation of antisite and vacancy defects dependent on their final stoichiometry.   
Table 6.2 shows the electron concentration as a function of composition for 
the Bi2Te3-xSx samples at temperatures below 100 K, where the charge carrier 
concentration is constant. As the samples are intrinsic, Equations 3.3 and 3.4 can 
only be used to compare the charge carrier concentration of each different 
composition at very low temperature. The samples with the highest proportion of 
Bi2Te3, x = 0 and 0.25, exhibit high electron concentrations in the order of ~1019 cm- 3 
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(typical values for bulk intrinsic Bi2Te3 [174]) compared to the ~1018 cm-3 for the 
samples with the higher amounts of alloyed S. These results suggest that the 
variations in the carrier concentration of these materials might not be solely due to 
a substitutional effect when alloying S in Bi2Te3 but, likely due to the effect of various 
proportions of two different phase within the sample. 
 
Table 6.2 Charge carrier concentration, n, of Bi2Te3-xSx samples at temperatures 
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6.4 Lead telluride-based thermoelectric materials 
6.4.1 Introduction 
Lead telluride-based (PbTe) compounds are one of the most heavily studied 
families of thermoelectric materials due to their high figure-of-merit, zT, of 1.5 – 
2.2 [187] and operating temperatures between 500 and 900 K [171]. These 
materials were used by NASA in the development of radioisotope thermoelectric 
generators (RTG) in 1961 and were eventually selected to power scientific 
equipment on the surface of the Moon aboard the NASA mission Apollo 12 in 1969, 
and the Viking missions 1 and 2 to the surface of Mars in 1975, and is currently 
supplying power to the Curiosity rover on Mars and has been since 2011 [188]. 
 
Crystal structure 
PbTe-based materials exhibit a NaCl-type face-centered cubic structure 
(Figure 6.10a), and their structural symmetry corresponds to the Fm-3m space 
group (#225) [175]. These materials are characterized as having an abnormally low 
thermal conductivity – for bulk PbX (X = S, Se, Te), κlat ≈ 1.5 – 2.0 W/mK at 300 K – 
due to the large anharmonicity in the crystal structure or due to a displacement of 
the Pb atom, both strong phonon-scattering mechanisms [189], eventually 
contributing to a very high zT value of 1.4 at 750 K in both n- and p-type compounds.  
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Electronic band structure 
The band structure of these semiconductors can be described by a multiband 
model constituted by two valence bands: a non-parabolic band at the L point of the 




Figure 6.10 (a) Crystal structure and (b) schematic illustration of band structure at 
low temperature of PbTe-based thermoelectric materials [20]. 
 
The position of the L band varies significantly with temperature, with higher 
temperature causing an increase in the band gap, which delays the onset of the 
bipolar effect. At higher temperature, the difference in the positions of the L and Σ 
valence bands diminishes to a point where these are effectively converged in energy 
(Figure 6.11), leading to a significant increase in the DOS effective mass [171,190], 
similarly to what occurs in the conduction bands in Mg2X compounds. In optimally-
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doped PbTe-based compounds, the Fermi level resides between the L and Σ bands 
(ideally within 2kBT of both bands [171]) and increases the contribution of the highly 
degenerate Σ band. The temperature at which the band convergence occurs was 
believed to lie between 400 – 600 K, as deduced from Hall effect measurements that 
show a peak in the Hall coefficient around that temperature [20]. Recent studies on 
this topic show that the RH increase around these temperatures corresponds instead 
to the increased electronic contribution by the Σ band [191,192]. A spectroscopic 
technique, ARPES, was used to determine that the band convergence only occurs at 
very high temperatures, > 900 K, in all PbQ (Q = Te, Se, S) phases [193]. 
 
Figure 6.11 Schematic diagrams of the temperature dependent energy bands of (a) 
bulk PbTe (based on [190]) and (b) PbTe0.85Se0.15 showing the point of what was 
believed to be band convergence at ~ 500 K (based on [171]). This was due to the 
existence of a RH peak at that temperature, although it has been shown not to 
correspond to the convergence of valence subbands. 
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6.4.2 Results and discussion 
All samples characterized for this study were synthesized by direct melting 
followed by water quenching and prolonged annealing of stoichiometric amounts of 
Pb, Te, Se, and S in a vacuum-sealed quartz ampoule. The resulting ingot was then 
ground using a mortar and pestle, and loaded into a graphite die for sintering using 
SPS.  
This chapter is divided into three results sections focused on the Hall effect 
characterization of PbTe-based alloys. The first study focuses on the influence of 
increasing levels of Na doping in in (PbTe)0.55(PbSe)0.35(PbS)0.10, followed by a 
second work on the effect that alloyed PbS has on (PbTe)0.65(PbSe)0.35 doped with 2 
at. % Na, and a final study on PbTe – PbSe alloys doped with 2 at. % Na. 
 Figure 6.12 shows the ternary diagram of the PbTe-PbSe-PbS system, with 
the compositions indicated that are studied in this section. The solidus lines are 
presented to indicate the miscibility gap, i.e. the compositions at which precipitation 
of secondary phases occurs. The compositions chosen for the study of ternary PbTe-
PbSe-PbS compounds, particularly for (PbTe)0.65-x(PbSe)0.35(PbS)x (x = 0, 0.05, 0.10, 
0.20), were selected to ensure that all compounds were solid solutions (single-
phase) at the maximum operating temperature.  
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Figure 6.12 Ternary phase diagram of the PbTe-PbSe-PbS system indicating the 
compositions studied in this section: (PbTe)0.55(PbSe)0.35(PbS)0.10, (PbTe)0.65-
x(PbSe)0.35(PbS)x (x = 0, 0.05, 0.10, 0.15, 0.20), and (PbTe)1-x(PbSe)x (x = 0, 0.10, 0.35). 
The solidus lines at different temperatures are represented by dashed lines (adapted 
from [194]). 
 
Influence of Na doping in (PbTe)0.55(PbSe)0.35(PbS)0.10 
Hall effect measurements were conducted separately at low temperature (5 
– 400 K) and high temperature (300 – 850 K) on (PbTe)0.55(PbSe)0.35(PbS)0.10 
samples, doped with different amounts of Na (1, 2, 3 and 3.5 at. %). Na is the most 
commonly used p-type dopant in lead chalcogenides, contributing one hole per Pb 
substitution. These measurements were conducted in two different systems, using 
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samples from different batches. The main goal was to obtain the Hall coefficient (RH) 
and charge carrier density of these samples over a wide temperature range and 
hopefully observe trends that would help to identify significant changes in the band 
structures of these thermoelectric materials.  
As can be seen in Figure 6.13, the two different data sets have an almost 
perfect overlap, despite not having been measured using the same samples or 
measurement systems. The very low values and trend of the Hall coefficient with 
added Na are consistent with its role as a dopant, showing that the added amounts 
are still below its solubility limit in (PbTe)0.55(PbSe)0.35(PbS)0.10 and are contributing 
to the charge carrier concentration. At temperatures below 100 K, RH remains 
constant, as is normally observed in a single-band system. Above 100 K, however, 
there is a significant increase in RH due to a redistribution of electronic charge 
carriers between the L and Σ bands. As the temperature increases and the energy 
offset (or distance) between the two valence subbands decreases, holes are 
transferred from the L to the low mobility Σ band [20,195]. These holes now possess 
a lower mobility and their contribution to the Hall effect is smaller, leading to a 
decrease in the effective hole density (Equation 3.6) [20]. 
The high temperature data shows a rapid increase in RH above 100 K, 
indicative of an increased contribution to the electronic conduction by the heavy-
hole band Σ [191], due to the movement of the Fermi level within the heavily-doped 
samples, which promotes the transfer of holes from the light- to the heavy-hole 
band [192]. At ~ 415 K, the RH reaches a maximum, as the contribution of the L and 
Σ bands to the conductivity is equivalent. Above this temperature, further movement 
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of the bands occurs and their relative distance to the Fermi level changes, causing 
the electronic conduction to be dominated by the high effective mass/low mobility Σ 
band. According to Equation 3.3, the electronic conductivity is expected to decrease, 
although the significantly higher degeneracy of the heavy-hole band (Equation 2.14) 
leads to an increased Seebeck coefficient (Equation (2.2), which ultimately results in 
a higher power factor.  
Figure 6.13 shows that the temperature at which the RH maximum occurs is 
not dependent on the concentration of added dopant, suggesting that the rigid-band 
model [196] is a valid approximation to the effect of Na doping on 
(PbTe)0.55(PbSe)0.35(PbS)0.10. Such high additions of Na in this compound are thought 
to be well above the solubility limit in PbTe, PbSe and PbS, at ~ 0.7 at. %, ~ 0.9 at. %, 
and ~ 2 at. %, respectively. Solubility, however, is temperature dependent and 
dissolution of Na-rich precipitates into the matrix at high temperature is feasible, 
which could contribute to the sudden decrease in the Hall coefficient for all samples 
above ~ 415 K. Previous studies of the two-phase (PbTe)0.65(PbSe)0.25(PbS)0.10 [148] 
observed a similar phenomenon due to the redistribution of Na between PbS-rich 
precipitates and the PbTe-rich matrix – where Na solubility is higher in the 
precipitates and its solubility in the matrix increases with temperature.  
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Figure 6.13 Temperature dependence of the Hall coefficient of 
(PbTe)0.55(PbSe)0.35(PbS)0.10 samples, doped with different amounts of Na (1, 2, 3, 
and 3.5 at. %). The data represented by closed circles corresponds to Hall effect 
measurements performed in the PPMS system described in Chapter 3, while the 
open circles correspond to data measured by an in-house built high temperature 
system at the NASA Jet Propulsion Laboratory/Caltech, described in [197]. 
 
Table 6.3 shows the hole concentration in (PbTe)0.55(PbSe)0.35(PbS)0.10 
samples with different concentrations of dopant Na, at temperatures below 50 K. A 
monotonic increase in the hole concentration with increased added Na is observed, 
indicating that the dopant continues acting as a donor even when above the 
solubility limit of PbTe, PbSe and PbS. The variation of p between samples is, 
however, very small, indicating a lower doping efficiency above 2 at. % possibly due 
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to precipitation of Na. As mentioned before, temperature has a significant impact on 
the transport properties of these materials, particularly due to its influence on the 




is, therefore, not applicable in the interpretation of these samples at higher 
temperature. 
 
Table 6.3 Hall coefficient, RH, and charge carrier concentration, p, of 
(PbTe)0.55(PbSe)0.35(PbS)0.10 samples doped with increasing amounts of Na (1.0, 2.0, 
3.0, and 3.5 at. %), measured at temperatures below 50 K. 
Added Na RH p 
(at. %) (cm3/C) (cm-3) 
1.0 0.034 1.84×1020 
2.0 0.018 3.57×1020 
3.0 0.017 3.79×1020 
3.5 0.013 4.77×1020 
 
 
Effect of alloyed PbS in (PbTe)0.65(PbSe)0.35  
The temperature dependence of the Hall coefficient of (PbTe)0.65-
x(PbSe)0.35(PbS)x samples (x = 0, 0.05, 0.10, 0.15, 0.20), exhibits extremely low RH 
values (Figure 6.14), in line with the high concentration of dopant – 2 at. % Na – 
which resulted in a charge carrier concentration, p, of approximately 1 × 1020 – 3.6 × 
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1020 cm-3. The temperature dependence of the Hall coefficient for all samples shows 
typical two-band behaviour [20]: at low temperatures, RH is roughly constant, as the 
majority of the holes are located in the higher-energy-level L valence 
band [171,190]; at temperatures above ~ 100 K, a significant upturn in RH is 
observed due to an increased contribution to electronic conduction by the Σ band as, 
above this temperature, holes are able to populate both valence subbands.   
As observed for (PbTe)0.55(PbSe)0.35(PbS)0.10, the value of RH is expected to 
exhibit a maximum at ~ 415 K for the sample x = 0.10 of (PbTe)0.65-x(PbSe)0.35(PbS)x. 
In this study, the dopant concentration was kept constant at 2 at. % Na, while the 
fraction of PbS was increased. PbSe and PbS are known to have similar band 
structures to PbTe, although the energy offset between the light and heavy valence 
bands is higher [195]. Therefore, as the amount of added PbS increases, the distance 
between these bands is expected to increase (at a constant temperature), while the 
band gap of (PbTe)0.65-x(PbSe)0.35(PbS)x has also been shown to increase with x [198]. 
The sharp increase in RH with increasing temperature indicates a decrease in the 
subband energy offset, as in the previous section. Nevertheless, a variation in the 
onset of this sharp increase is evident in this case, which suggests an increase in the 
temperature at which the RH maximum will occur as a function of the added PbS. 
There appears to be no significant effect on the RH value at low temperature with the 
addition of sulfur until 20 at. %, likely due to variations in the sample preparation, 
as pointed out in previous studies [191]. 
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Figure 6.14 Temperature dependence of the Hall coefficient for (PbTe)0.65-
x(PbSe)0.35(PbS)x samples, where x = 0, 0.05, 0.10, 0.15, 0.20. 
 
As observed in the previous section, the complex nature of the contributions 
of two valance bands to the transport properties of these samples limits the 
temperatures at which the charge carrier density can be calculated using Equation 
3.5. Therefore, Table 6.4 only shows the carrier concentration at temperatures 
where it remains constant. Despite having been doped with the same amount of Na, 
differences on p of the different samples are detected, however, these can be the 
result of various uncontrollable factors during synthesis and processing and should, 
therefore, not be considered significant. 
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Table 6.4 Hall coefficient, RH, and charge carrier concentration, p, of (PbTe)0.65-




0 0.027 2.36×1020 
0.05 0.030 2.09×1020 
0.10 0.017 3.58×1020 
0.15 0.016 3.63×1020 
0.20 0.058 1.08×1020 
 
 
Effect of alloyed PbSe in PbTe 
Similarly to the samples produced for studying the effect of PbS in (PbTe)0.65-
x(PbSe)0.35 in the previous section, the (PbTe)1-x(PbSe)x samples were all doped with 
2 at. % Na.  
Figure 6.15 shows the Hall coefficient as a function of temperature, between 
5 and 400 K. The characteristics of the single phase PbTe sample closely match 
previous reports on PbTe:Na 2 at. % [15], which exhibited a low constant RH below 
~ 100 K. Above this temperature, all the (PbTe)1-x(PbSe)x samples exhibit an 
increased RH, indicative of the movement of the L and Σ valence bands, as decribed 
in the previous sections. The sample with 10 at. % added PbSe shows a slightly 
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higher RH compared to pure PbTe, while the sample with largest proportion of PbSe 
is distinctly different. The temperature at which the RH has a marked increase – 
revealing the movement of the valence bands, particularly the increased 
contribution of the Σ band – is also similar for x = 0 and 0.10 samples. This is not the 
case for the sample with 35 at. % PbSe: the temperature at which there is a visible 
increase in RH is higher than that for the other two compositions, suggesting a higher 
temperature at which RH is maximum. As shown before, the maximum of the RH in 
PbTe-based thermoelectric materials represents the temperature at which the two 
valence subbands equally contribute to the eletronic conduction. This result is in 
agreement with previous studies on the influence of PbSe alloyed with PbTe [171], 
which report that alloying PbSe into PbTe increases the temperature at which the 
effects related to the RH maximum occur. This is thought to occur due to the changes 
in the initial position (in energy) and the variation with temperature of the positions 
of the L and Σ bands in relation to the conduction (C) band [171]: 
 




Δ𝐸𝐶−Σ = 0.36 + 0.10𝑥 
(6.1) 
 
where x refers to (PbTe)1-x(PbSe)x, i.e. the amount of added PbSe. The temperature 
at which the L and Σ bands make a similar contribution to the conductivity is 
equivalent to when Δ𝐸𝐶−𝐿 = Δ𝐸𝐶−Σ: 
 𝑇 = 2500(0.14𝑥 + 0.18) (6.2) 
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Using Equation (6.2 for the compositions measured in this study, x = 0, 0.10, 
and 0.35, this temperature can be calculated, resulting in 450, 485, and 573 K, 
respectively. The RH plots as a function of temperature in Figure 6.15 appear to 
reflect these results, particularly for (PbTe)0.65(PbSe)0.35 (x = 0.35). These equations, 
however, imply a linear relationship between the added PbSe and the band gap. In 
most semiconductors, Vegard’s law4 can be applied to the lattice parameters and 
band gap, although the band gap of (PbTe)1-x(PbSe)x exhibits a parabolic relationship 
with added PbSe [198] with a maximum at x = 0.35. Unfortunately, the commercial 
apparatus used to perform Hall effect measurements on these samples cannot 
achieve temperatures above 400 K and, according to the results presented above, the 
peak in RH should occur around 415 K.  
 
 
4 Vegard’s law is an empirical rule that enables the estimation of the lattice parameter at 
constant temperature as a function of the concentrations of the constituents of a solid solution, and it 
follows a linear relationship. 
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Figure 6.15 Temperature dependence of the Hall coefficient of (PbTe)1-x(PbSe)x 
samples, where x = 0, 0.10 and 0.35. 
 
The charge carrier concentrations of these samples obtained at temperatures below 
50 K (Table 6.5) shows dispersions similar to those in the previous section. These 
small differences are to be expected, however, as small variations in the 
stoichiometry due to losses of elements, particularly Na, occur during preparation 
and synthesis. The larger difference between the x = 0 and 0.10 samples to x = 0.35 
observed for RH is also visible here, showing a significant increase in the hole 
concentration from ~9 × 1019 cm-3 to ~3 × 1020 cm-3, respectively, despite being 
doped with a similar nominal amount of Na. This result suggests that alloying PbSe 
into PbTe increases the solubility limit of Na in the PbTe matrix, therefore increasing 
the doping efficiency of Na. The solubility limit of Na in PbTe and PbSe are much 
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lower than the 2 at. % added in this work, at 0.7 and 0.9 % respectively, and it isn’t 
likely that their solid solution would lead to a much higher solubility limit. It is 
expected, therefore, that Na-rich precipitates are present regardless of the 
composition studied here.  
 
Table 6.5 Hall coefficient, RH, and charge carrier concentration, p, of (PbTe)1-x(PbS)x 




0 0.066 9.47×1019 
0.10 0.074 8.43×1019 
0.35 0.212 2.95×1020 
 
6.5 Conclusions 
The effect of doping in Mg2Ge was studied through Hall effect characterization, 
further corroborating the observations in Chapter 5, where the influence of the 
added Bi was found to very limited due to the formation of Bi-rich precipitates. At 
such low charge carrier densities, the analysis of RH(T) isn’t easily interpreted, and 
effects such as thermal excitation of electrons to the conduction band play a bigger 
part, dominating the changes in the electronic properties of these samples.  
The study of the Bi2S3-Bi2Te3 alloys revealed a significant dependence of the 
band structure on the content of Bi2Te3-xSx, likely due to the interplay between the 
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Bi2Te3 and Bi2Te2S phases, particularly when the Bi2T3/Bi2Te2S ratio is ~ 0.50 – 0.75. 
Despite the lack of reports on the contribution of subbands to the electronic 
properties of these materials, slight variations in the Hall coefficient with 
temperature in certain compositions suggest changes in the relative distances 
between these and the Fermi level.  
The study of the influence of Na doping in the band structure of 
(PbTe)0.55(PbSe)0.35(PbS)0.10 confirmed the presence of two valence subbands, and 
that at ~ 415 K both have an equal contribution to the electronic conduction, 
identified by the peak in RH. The temperature at which this maximum occurs is not 
dependent on the added Na, i.e. the charge carrier concentration, meaning that the 
(PbTe)0.55(PbSe)0.35(PbS)0.10 band structure can be described by a rigid-band model.  
The effect of adding PbS to (PbTe)0.65(PbSe)0.35 was investigated with 
constant added Na. PbS is known to have a higher energy offset between the two 
valence subbands, and therefore, its addition by substitution of PbTe is expected to 
increase the distance between these two bands. The consequence of that is an 
increase in the temperature at which the valence subbands equally contribute to the 
electronic conduction. Unfortunately, these samples could not be measured at 
temperatures above 400 K due to limitations in the characterization apparatus, 
which is below the temperature at which the RH maximum would be expected to 
occur. Despite the absence of a reliable metric capable of comparing the different 
compositions, it’s possible to observe that the rapid increase in RH occurs at different 
temperatures, possibly also indicating a variation in temperature at which RH is 
maximum as function of PbS. 
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A similar result was obtained in the study of the addition of PbSe to PbTe. 
PbSe exhibits a larger energy offset between the heavy and light valence bands, and 
therefore, more PbSe is also expected to lead to an increasing offset. A likely 
insignificant variation is observed between x = 0 and 0.10 in (PbTe)1-x(PbSe)x, while 
sample x = 0.35 shows not only a decrease in the magnitude of RH  at low temperature, 
but also a slower increase in the Hall coefficient up to the measured temperature, 
suggesting a greatly increased temperature at which the RH maximum occurs. 
These results suggest strong of the effects of dopants and alloying compounds 
on the band structure and ultimately, the thermoelectric properties of PbTe, 
particularly the Seebeck effect. 
 
6.6 References 
12. Y. Tang, Z.M. Gibbs, L.A. Agapito, et al., Convergence of multi-valley bands as the 
electronic origin of high thermoelectric performance in CoSb3 skutterudites. Nature 
Materials, 2015, 14(12): pp. 1223-1228. 
14. A.F. May, E.S. Toberer, A. Saramat, et al., Characterization and analysis of 
thermoelectric transport inn-typeBa8Ga16−xGe30+x. Physical Review B, 2009, 
80(12). 
15. L.D. Zhao, H.J. Wu, S.Q. Hao, et al., All-scale hierarchical thermoelectrics: MgTe in PbTe 
facilitates valence band convergence and suppresses bipolar thermal transport for 
high performance. Energy & Environmental Science, 2013, 6(11): pp. 3346-3355. 
20. Y.I. Ravich, B.A. Efimova, and I.A. Smirnov, Semiconducting Lead Chalcogenides. 
Monographs in Semiconductor Physics. 1970, Springer. 
66. H.J. Goldsmid, Introduction to Thermoelectricity. 2nd ed. 2016, Springer. 
148. S.A. Yamini, D.R.G. Mitchell, Z.M. Gibbs, et al., Heterogeneous Distribution of Sodium 
for High Thermoelectric Performance of p-type Multiphase Lead-Chalcogenides. 
Advanced Energy Materials, 2015, 5(21): pp. 1501047. 
171. Y. Pei, X. Shi, A. LaLonde, et al., Convergence of electronic bands for high performance 
bulk thermoelectrics. Nature, 2011, 473(7345): pp. 66-69. 
172. S.B. Riffat and X. Ma, Thermoelectrics: a review of present and potential applications. 
Applied Thermal Engineering, 2003, 23(8): pp. 913-935. 
173. G. Zhou and D. Wang, Few-quintuple Bi2Te3 nanofilms as potential thermoelectric 
materials. Scientific reports, 2015, 5: pp. 8099. 
174. O. Eibl, K. Nielsch, N. Peranio, et al., Thermoelectric Bi2Te3 Nanomaterials. 2015, 
Wiley-VCH. Weinheim, Germany. 
CHAPTER 6 – Hall Effect measurement and electronic structure 
analysis of thermoelectric materials 
185 
 
175. D.M. Rowe, CRC Handbook of Thermoelectrics, ed. D.M. Rowe. 1995, CRC Press. Boca 
Raton, Florida. 
176. W. Wong-Ng, H. Joress, J. Martin, et al., Thermoelectric properties and structural 
variations in Bi2Te3−xSx crystals. Applied Physics Letters, 2012, 100(8): pp. 082107. 
177. S.K. Mishra, S. Satpathy, and O. Jepsen, Electronic structure and thermoelectric 
properties of bismuth telluride and bismuth selenide. Journal of Physics: Condensed 
Matter, 1997, 9(2): pp. 461. 
178. S. Aminorroaya-Yamini, C. Zhang, X. Wang, et al., Crystal structure, electronic 
structure and thermoelectric properties of n-type BiSbSTe2. Journal of Physics D: 
Applied Physics, 2012, 45(12): pp. 125301. 
179. M. Michiardi, I. Aguilera, M. Bianchi, et al., Bulk band structure of Bi2Te3. Physical 
Review B, 2014, 90: pp. 075105. 
180. S.A. Yamini, T. Ikeda, A. Lalonde, et al., Rational design of p-type thermoelectric PbTe: 
temperature dependent sodium solubility. Journal of Materials Chemistry A, 2013, 
1(31): pp. 8725. 
181. H.-S. Kim, N.A. Heinz, Z.M. Gibbs, et al., High thermoelectric performance in 
(Bi0.25Sb0.75)2Te3 due to band convergence and improved by carrier concentration 
control. Materials Today, 2017, 20(8): pp. 452-459. 
182. L.-L. Wang and D.D. Johnson, Ternary tetradymite compounds as topological 
insulators. Physical Review B, 2011, 83(24): pp. 241309. 
183. B. Ryu, B.-S. Kim, J.E. Lee, et al., Prediction of the band structures of Bi2Te3-related 
binary and Sb/Se-doped ternary thermoelectric materials. Journal of the Korean 
Physical Society, 2016, 68(1): pp. 115-120. 
184. H.J. Goldsmid, Bismuth Telluride and Its Alloys as Materials for Thermoelectric 
Generation. Materials (Basel), 2014, 7(4): pp. 2577-2592. 
185. K. Biswas, J. He, I.D. Blum, et al., High-performance bulk thermoelectrics with all-scale 
hierarchical architectures. Nature, 2012, 489(7416): pp. 414-8. 
186. <109.full.pdf>. 
187. Z.M. Gibbs, H. Kim, H. Wang, et al., Temperature dependent band gap in PbX (X = S, Se, 
Te). Applied Physics Letters, 2013, 103(26): pp. 262109. 
188. J.P. Fleurial, T. Caillat, B.J. Nesmith, et al., High Reliability, High Temperature 
Thermoelectric Power Generation Materials and Technologies, in Thermoelectrics 
Applications Workshop. 2012, Jet Propulsion Laboratory/California Institute of 
Technology. 
189. S. Kastbjerg, N. Bindzus, M. Søndergaard, et al., Direct Evidence of Cation Disorder in 
Thermoelectric Lead Chalcogenides PbTe and PbS. Advanced Functional Materials, 
2013, 23(44): pp. 5477-5483. 
190. S.A. Yamini, H. Wang, Z.M. Gibbs, et al., Chemical composition tuning in quaternary p-
type Pb-chalcogenides - a promising strategy for enhanced thermoelectric 
performance. Physical Chemistry Chemical Physics, 2014, 16(5): pp. 1835-1840. 
191. C.M. Jaworski, M.D. Nielsen, H. Wang, et al., Valence-band structure of highly efficient 
p-type thermoelectric PbTe-PbS alloys. Physical Review B, 2013, 87(4): pp. 045203. 
192. T.C. Chasapis, Y. Lee, E. Hatzikraniotis, et al., Understanding the role and interplay of 
heavy-hole and light-hole valence bands in the thermoelectric properties of PbSe. 
Physical Review B, 2015, 91(8). 
193. J. Zhao, C.D. Malliakas, K. Wijayaratne, et al., Spectroscopic evidence for temperature-
dependent convergence of light- and heavy-hole valence bands of PbQ (Q = Te, Se, S). 
EPL (Europhysics Letters), 2017, 117(2). 
194. A.A. Volykhov, L.V. Yashina, and V.I. Shtanov, Phase equilibria in pseudoternary 
systems of IV–VI compounds. Inorganic Materials, 2010, 46(5): pp. 464-471. 
CHAPTER 6 – Hall Effect measurement and electronic structure 
analysis of thermoelectric materials 
186 
 
195. S. Aminorroaya Yamini, D.R.G. Mitchell, H. Wang, et al., Origin of resistivity anomaly 
in p-type leads chalcogenide multiphase compounds. AIP Advances, 2015, 5(5): pp. 
053601. 
196. Y. Takagiwa, Y. Pei, G. Pomrehn, et al., Validity of rigid band approximation of PbTe 
thermoelectric materials. APL Materials, 2013, 1(1): pp. 011101. 
197. K.A. Borup, E.S. Toberer, L.D. Zoltan, et al., Measurement of the electrical resistivity 
and Hall coefficient at high temperatures. Review of Scientific Instruments, 2012, 
83(12): pp. 123902. 
198. S. Aminorroaya Yamini, V. Patterson, and R. Santos, Band-Gap Nonlinearity in Lead 
Chalcogenide (PbQ, Q = Te, Se, S) Alloys. ACS Omega, 2017, 2(7): pp. 3417-3423. 
 




CHAPTER 7 – Thesis conclusions and 
Future prospects 
  




7.1 Thesis conclusions 
In this doctoral work, various aspects related to the fabrication and 
characterization of thermoelectric materials have been explored and developed. The 
material development was focused on magnesium-based thermoelectric materials, 
due to their promising thermoelectric characteristics and potentially high interest 
from a commercial point-of-view. Recently, work on this class of thermoelectric 
materials has been focused on optimizing the thermoelectric figure-of-merit, zT, 
from mainly an empirical perspective. Previous work informs the next wave of 
research, typically in terms of compositions and structural features, leading to the 
development of complex quaternary alloys such as Mg2Si1-x-yGexSny. While this 
approach has resulted in important improvements of the thermoelectric 
performance of magnesium-based materials, important gaps in our knowledge 
relating to the interactions between the binary phases of the Mg2X (X = Si, Ge, Sn) 
system could be identified. That realization guided some of the work performed for 
this doctoral thesis.  
The current state-of-the-art magnesium-based thermoelectric materials 
were thoroughly reviewed in relation to their advantages and disadvantages 
compared to other thermoelectric materials. This group of thermoelectric materials 
is known to exhibit moderately high zT at medium-to-high temperatures (250 – 
650 °C), while consisting of high availability elements such as Magnesium, Silicon, 
Germanium, and Tin. They are also considered non-toxic, therefore environmentally 
friendly, and exhibit low mass density and good mechanical properties. These 
characteristics have endowed magnesium-based thermoelectric materials with 
great industrial and research interest. This work, however, has also highlighted the 




main challenges related to the development of magnesium-based thermoelectric 
materials. The high vapour pressure and reactivity of magnesium significantly 
influence the choice of synthesis process, as magnesium loss is practically a certainty 
and specific steps are necessary to reduce it, while also preventing oxidation. Despite 
this challenge, the Mg2Si-Mg2Ge-Mg2Sn system offers several routes for continued 
development.  
The small number of reports on Mg2Ge, particularly when it is Bi-doped, 
motivated the initial material development work in this thesis project. A one-step 
SPS synthesis method using MgH2 as precursor for Mg was used to fabricate n-type 
Bi-doped Mg2Ge bulk samples. This synthesis technique was chosen mainly to reduce 
the time that Mg would be subjected to high temperature, therefore lessening Mg 
loss through evaporation and diminishing the formation of MgO. The decomposition 
of MgH2 was expected to occur at ~ 623 K and result in an immediate reaction with 
Ge as the H2 is liberated. This reaction is expected to reduce the possibility that Mg 
might react with oxygen still present in the evacuated chamber. Despite Bi being a 
common n-type dopant in ternary and quaternary Mg2X (X = Si, Ge, Sn) 
thermoelectric materials, no reports could be found on the solubility of Bi in Mg2Ge. 
Several authors report the formation of Mg2Si1-x-yGexSny solid solutions, although 
other works report that these compositions result in the formation of Si, Ge, and Sn-
rich secondary phases, while the long-term stability of these supposed solid 
solutions continues to be unreported. Therefore, an understanding of the 
interactions between dopant elements and each individual binary phase is necessary 
for the development of these materials, which grants great significance to the study 
of Bi-doped Mg2Ge. This work showed that Bi appears to have a maximum solubility 




of 0.17 at. % in Mg2Ge, significantly below the concentration needed to effectively 
contribute as an electron donor. The low doping efficiency of Bi in Mg2Ge led to a 
trivial improvement of the electrical conductivity and consequently of the power 
factor, despite the increased Seebeck coefficient. The limited solubility of Bi in Mg2Ge 
resulted in the precipitation of Bi-rich precipitates in the form of Mg2Bi3 formed 
preferentially at grain boundaries. The formation of these precipitates makes a 
doubly negative contribution to the electron concentration: beyond the solubility 
limit, Bi does not act as dopant, and it reacts with the Mg present in Mg2Ge, likely 
making it stoichiometrically deficient due to Mg vacancies, which act as holes or 
electron traps. Compared to reports on Sb-doped Mg2Ge, the Bi-doped samples 
produced by the one-step SPS method exhibit a significantly lower electron 
concentration and consequently lower electrical conductivity, although the final zT 
of the Bi-doped samples was higher. This was achieved due to their considerably 
lower lattice thermal conductivity, through the phonon-scattering effect of the 
Mg2Bi3 precipitates, and resulted in decreased influence of the electronic 
contribution to the thermal conductivity, leading to a total thermal conductivity 
approximately half that reported for Sb-doped Mg2Ge. 
In order to assess the influence of the synthesis method on the properties of 
Mg2Ge, Bi- and Sb-doped samples were fabricated using a solid-state synthesis 
process and characterized in relation to the samples produced by the one-step SPS 
technique. This technique allows for longer reactions at high temperatures, so that 
further Mg loss had to be accounted for. Special considerations had to be taken into 
account when developing the solid-state synthesis technique, as Mg reacts with the 
SiO2 (quartz) ampoules used as vacuum sealed crucibles. A method for coating the 




interior of the quartz ampoules was developed, although the ampoules containing 
the reactants needed to be vacuum sealed inside another quartz ampoule to prevent 
oxidation. This work shows that the formation of Mg2Bi3 precipitates is not 
dependent on the synthesis method, further evidencing the low solubility of Bi in 
Mg2Ge. This study also highlighted the impact that different synthesis techniques 
have on magnesium-based thermoelectric materials, particularly on the magnesium 
stoichiometry, which is undoubtedly the characteristic with the most consequences 
to the thermoelectric properties. 
The study of band structures in semiconductors and particularly 
thermoelectric materials has come to gain great traction recently. Band-gap 
engineering is of great interest, as thermoelectric materials should ideally possess 
narrow band gaps to allow for high electrical conductivity, while, at the same time, 
be wide enough to enable a high Seebeck coefficient and increase the temperature at 
which bipolar effects occur. Another highly sought-after band engineering concept 
highlighted in the literature review of magnesium-based thermoelectric materials in 
this thesis is subband convergence – in the conduction or valence bands –, which is 
known to considerably increase the band effective mass and, consequently, the 
Seebeck coefficient, without adverse effects on carrier mobility. Both of these types 
of band engineering are accomplished through the alloying of elements, typically by 
adding complexity to the band structure of the host compound. For this doctoral 
work, a method used as proxy for the characterization of band structure, specifically 
the movement of subbands, Hall effect analysis, was explored. Such work led to 
collaborations on the study of the charge carrier and band structure properties of 
other compounds, such as Bi2Te3- and PbTe-based thermoelectric materials. 




The Hall effect characterization of Bi2S3-Bi2Te3 compounds suggested a 
strong influence of the composition on the band structure due to alloying and, 
possibly, an impact on the formation of electronic charge carriers. The influence of 
Na doping in the electronic band structure properties of (PbTe)0.55(PbSe)0.35(PbS)0.10 
from 5 to 900 K revealed a maximum in RH at ~ 415 K, indicating the point at which 
the contribution of the two highest energy valence bands is independent of the 
amount of added dopant, i.e. it is independent of the charge carrier concentration. 
The effect of alloyed PbS on the band structure of (PbTe)0.65(PbSe)0.35 from 5 to 400 K 
was also studied. The variation in the onset of the RH rapid increase appears to 
suggest that the temperature at which it reaches its maximum is dependent on the 
amount of alloyed PbS. The same results were obtained for PbTe alloyed with PbSe, 
particularly for higher concentrations of PbSe, which is in accordance with the 
increased energy offset between the light and heavy valence bands of PbSe and PbS 
in relation to PbTe.  
 
7.2 Future prospects  
Despite the many decades of research on thermoelectrics and the fantastic 
improvement of zT, the number of relevant applications of this technology in the real 
world is remarkably limited – not counting thermocouples – with most relating to 
niche uses of the Peltier effect. The research on magnesium-based thermoelectric 
materials, in particular, suffers from the same problem. Although these 
thermoelectric materials have been the target of many theoretical works, it would 
be of considerable interest to experimentally verify their conclusions, in the hope of 




optimizing fundamental models specific to this class of thermoelectric materials. 
This doctoral work is intended to fill a gap in our knowledge relating to the specific 
interaction between the primary n-type dopant in Mg2X (X = Si, Ge, Sn) 
thermoelectrics – Bismuth – with an increasingly important component of high 
performing quaternary compounds – Mg2Ge. Its conclusions lead to questions 
concerning the long-term and high temperature stability of these compounds, 
putting in question the relevance of the many reports claiming increasing high 
temperature zT values. The reduced solubility of Bi in Mg2Ge, despite having serious 
implications for its use as a dopant, can be used positively in more complex 
compounds. Mg2Bi3 precipitates are very efficient at scattering phonons, 
significantly reducing the lattice thermal conductivity. Furthermore, if their stability 
and solubility is temperature-dependent, they could potentially act as a dopant 
source at high temperature. A double-doping approach with both Bi and Sb could 
prove to be an interesting way to use this phenomenon in a progressive way. This 
work also highlights the absolute necessity of developing synthesis methods capable 
of precisely controlling the stoichiometry of magnesium, due to its significance to the 
final thermoelectric properties. Magnesium loss occurs in many ways: through 
volatility at low pressure/high temperature, reaction with crucibles, oxidation, and, 
as shown in Chapters 4 and 5, reaction with a dopant. Standardization of fabrication 
methods for magnesium-based materials is the key to motivating more research 
groups to develop these compounds.  
Device-related studies are also severely lacking, with barely any reports on 
the reproducibility of samples, on the degradation of thermoelectric and mechanical 
properties with temperature cycling, and on exposure to high temperature and/or 




for prolonged durations. The limited attention given to these properties is not 
particular to magnesium-based thermoelectric materials, as it is observed across all 
the popular material groups. A significant advantage of this group of thermoelectrics 
is the fact that it can be used to produce both n- and p-type materials, allowing for 
perfect thermomechanical compatibility between both legs of the thermocouple unit. 
Nevertheless, the performance of p-type magnesium-based compounds is not at the 
same level as its n-type counterpart, prompting researchers to look for other 
materials, such as higher manganese silicides, to fill the role of the p-type leg. In 
order to fully enable Mg2Si-Mg2Ge-Mg2Sn thermoelectrics to be developed into 
devices, a serious effort is required on optimization of p-type doping: the search for 
dopants is on-going, although without a clear prime candidate in sight. Mg 
stoichiometry plays an important role here as well, as deficient stoichiometries are 
known to either contribute with holes or act as electron traps. Both these pathways 
require further study, and an approach involving both concepts simultaneously is 
likely to lead to a high hole concentration, with its obvious benefits to the electrical 
conductivity while suppressing the onset of the bipolar effect. Magnesium-based 
thermoelectric materials are potentially of great interest to the automotive industry 
due to their low mass density, yet, information on the mechanical properties of the 
best performing compounds is still scarce. This work, in particular, is of great 
relevance, especially when coupled with the development of electrical contacts. The 
semiconductor/metal interface is the ultimate challenge, as it holds the key to the 
practical use of thermoelectric materials. Perfect ohmic interfaces between the 
thermoelectric material and the metallic contacts are essential, and therefore, the 
development of buffer phases/materials that prevent the diffusion of elements as 




they are subjected to temperature cycling and high sustained temperature is of 
absolute necessity. For the particular use in automotive applications, the interfaces 
between thesis materials also need to be able to withstand significant mechanical 
stress due to vibration. 
The severe difficulty in the fabrication of magnesium-based thermoelectric 
materials is still the main hinderance in their development. As experienced during 
this doctoral work, establishing the groundwork for new, independent study of these 
materials can be extremely challenging and very hard to justify. In the absence of a 
fully optimized synthesis process, that allows for reliable production of single-phase, 
highly doped samples, it’s extremely hard to reach novel conclusions capable of 
sustaining continued work. These realities, coupled with the current state of 
academia, reduces the chances of new groups betting on the study of these materials, 
and preventing more academically ambitious students from taking that risk.  
All of these concerns are still standing in the way of the application of 
magnesium-based thermoelectric materials in generators, although the many 
potential advantages of these non-toxic, lightweight compounds outweigh the 








A. Sample cutting process 
The final stage of the sample fabrication process was the SPS after which the 
powder mixture was sintered and compacted into a disc with 12 mm diameter and 
a thickness between 1.5 – 3 mm. In this disc-shape, the samples were subjected the 
LFA method for determination of the thermal diffusivity and then cut into 
parallelepiped-shaped samples for Seebeck coefficient, electrical conductivity and 
Hall effect measurements. 
The cutting method had to be specifically developed for the compounds 
studied in the work, as Mg2Ge rapidly oxidizes and dissociates in water, which is 
normally used as coolant and lubricant during the cutting process. A Struers 
Accuteom-50 was, therefore, modified to allow ethanol to substitute water as 
processing liquid. The type of blade, its rotational and linear speeds, and the mount 
of the samples also had to be developed. 
The prepared samples were cut using a Struers Accutom-50 in order to 
expose the cross section for visualization. The cutting method had to be developed 
specifically for the samples studied in this thesis, as Mg2Ge rapidly oxidizes and 
dissociates in water, which is normally used as coolant and lubricant during the 






B. Sample polishing process 
After cutting, the samples were mounted in PolyFast electrically conductive 
resin (carbon-based) using a Struers Citopress-20. These were then machine-
polished using a Struers Tegramin-20 auto-polisher which followed a specific 
protocol developed for gradual removal of imperfections and polishing of Mg2Ge 
using water-free lubricants and abrasive solutions. When further polishing was 
required, the whole process was either repeated or an extra cleaning/polishing step 
was added, using a Leica RES101 ion milling system. This step was key to obtaining 
defect free surfaces for EDS analysis. 
 
C. Variation between different batches of Mg2Ge0.98Sb0.02 (study 
presented in Chapter 4) 
The Seebeck coefficient and electrical conductivity of the Sb-doped Mg2Ge 
sample synthesized via a one-step spark plasma sintering of elemental Ge and Sb 
with MgH2 is presented below. These were obtained from three individual samples, 
fabricated using the same exact nominal stoichiometry and procedure. The different 
batches were synthesized in an attempt to obtain a sample that could be measured 
throughout the whole temperature range while heating and cooling it several times. 
As described in Chapter 4, this was not possible as the sample appears to degrade 
above 400 K, and above 750 K the resistance of the sample was too high to be 







Figure C1 Temperature dependence of the Seebeck coefficient of Mg2Ge0.98Sb0.02 
synthesized through a one-step reaction using MgH2. Batch 1 (filled black circle) 







Figure C2 Temperature dependence of the electrical conductivity of Mg2Ge0.98Sb0.02 
synthesized through a one-step reaction using MgH2. Batch 1 (filled black circle) 
represents the sample utilized in the study presented in Chapter 4.  
 
